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Kurzzusammenfassung des Inhalts
Hauptgegenstand dieser Arbeit ist die umfassende Untersuchung der Wechselwirk-
ungen zwischen Proteinen und Festko¨rperoberfla¨chen, insbesondere den Poren-
wa¨nden nanoporo¨ser Siliziumdioxidpartikel. Erga¨nzt wird dies um die Unter-
suchung des Diffusionsverhaltens von Proteinen in poro¨sem Aluminiumoxid.
Im ersten Teil dieser Arbeit wird die Gu¨ltigkeit der Stokes-Einstein-Gleichung fu¨r
die Proteindiffusion durch zylindrische Festko¨rperporen u¨berpru¨ft. Darauf auf-
bauend wird die Mo¨glichkeit untersucht, anderweitig identische Proteine einzig an-
hand ihrer Tertia¨rstruktur zu separieren. Eine umfassende Untersuchung der Wech-
selwirkung zwischen Proteinen und Siliziumdioxidoberfla¨chen stellt den zweiten
Teil dieser Arbeit dar. Die Komplexita¨t dieser Wechselwirkung wird besta¨tigt
und anhand einer Kombination verschiedener ga¨ngiger Modelle beschrieben. Die
Ergebnisse hieraus fließen in den dritten Teil dieser Arbeit ein, in dem die se-
lektive Adsorption verschiedener Proteine untersucht wird. Durch Anpassen der
Pufferlo¨sungen an die elektrochemischen Eigenschaften der verwendeten Proteine
wird die effektive Separation bina¨rer Mischungen demonstriert.
Abstract
It is the main subject of this thesis to present a comprehensive study of the inter-
action between proteins and solid surfaces, especially the pore walls of nanoporous
silica particles. This is complemented by an examination of the proteins’ diffusive
behavior in porous aluminum oxide.
The first part of this thesis attempts to validate the Stokes-Einstein equation for
the diffusion of proteins through tubular pores in solid-state membranes. It further
envisages means to separate proteins solely based on their tertiary structure. A
comprehensive analysis of the protein adsorption behavior on silica surfaces con-
stitutes the second part of this thesis. The complicated nature of the protein-silica
interaction is confirmed and explained by a combination of several commonly used
models. The findings thereof are used in the third part of this thesis, where com-
petitive adsorption from protein mixtures on a silica substrate is studied. Effective
selective binding of proteins from binary mixtures is achieved if the buffer solution
is appropriately adjusted to the proteins electrochemical properties.

Every kid starts out as a natural-born scientist, and then we beat it out of them.
A few trickle through the system with their wonder and enthusiasm for science
intact.
Carl Sagan (1934-1996)
Fu¨r meine Eltern, die mir die Neugier bewahrt und gefo¨rdert haben.
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Chapter 1
Introduction
Over the last decades much attention has been payed to the encapsulation1 of
biomolecules in porous materials. Especially mesoporous2 materials and their in-
teraction with biomolecules have been focus of intensive research since they combine
a high inner surface area with pore sizes large enough to comfortably host most
proteins and enzymes. As reviewed by Martin Hartmann[2], such systems promise
a vast variety of applications in biochemical sciences and related fields like blood
purification, separation sciences and enzymatic catalysis. New means of targeted
drug delivery[3], biosensors and nanocomposite materials can be envisaged. Yet,
despite an uncountable number of studies, the exact mechanisms driving the in-
teraction between biological substances and inorganic solid-state surfaces are still
controversially discussed in literature3. Of course this lack of full comprehension
inhibits the design of customized applications.
It is the aim of this thesis to shed some light on the remaining open questions
and to prove the applicability of protein immobilization especially for the sepa-
ration of mixtures containing different types of biomolecules into their respective
components.
This thesis consists of three main parts. First we will precede the study of pro-
tein binding by evaluating the diffusion properties of small globular proteins inside
cylindrical solid-state pores. Since diffusive separation of biological fluids is of
paramount importance in commonly used techniques like blood purification via
1Within this thesis, the terms encapsulation, immobilization and adsorption are used synony-
mously. They refer to the nonspecific (and mostly reversible) binding of a molecule to a solid
surface.
2The classification mesoporous applies to systems with typical pore dimensions between 2 nm
and 50 nm, as defined by the IUPAC in 1985[1].
3This will be discussed in detail in chapter 3.
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dialysis, this part complements the remainder of this thesis by providing an alter-
native approach to the same field of application. Common approaches often use
size-selective or electrochemical mechanisms to perform dialysis. Contrary to this,
we use the well-known Stokes-Einstein equation in an attempt to separate mixtures
merely by the geometrical shape4 of their otherwise identical components.
The second part of this thesis presents a comprehensive study of the driving forces
behind protein adsorption by examining the binding of bovine heart cytochrome
c to hexagonally ordered mesoporous silica for a variety of chemical conditions. We
review two common models for protein adsorption, namely the electrostatic inter-
action model and the counterion release model. By comparing these models with
our experimental results we illustrate their most grave shortcomings and propose
a combined model which is capable of elucidating many of the open questions.
Finally, we build upon these findings in the third main part of this study and
demonstrate the feasibility of effective separation of binary protein mixtures. We
achieve this by exploiting the electrochemical properties of both the porous silica
and the adsorbing molecules. The most substantial results will be demonstrated
for a solution containing lysozyme and myoglobin, where simple adjustment of the
solution’s pH facilitates selective5, complete6 binding of either of the components.
4We focus on the hydrodynamical radius.
5Only one component binds to the silica, the other one remains in solution.
6Within the measurement accuracy, the supernate is completely devoid of the binding protein.
Chapter 2
Diffusion of Proteins through
Porous Anodized Aluminum
Oxide
2.1 Motivation
The separation of protein mixtures into their individual components is of great
technical and medical importance. Two classes of techiques which are commonly
used for this task are filtration, where a pressure-driven flow through a membrane
leads to fractionation of the mixture, and dialysis, where the same effect is achieved
purely by diffusion without a net flow of the solvent through the membrane. With
those two methods, fractionation of a solution into its individual components can
either be achieved by size-selective separation1 or by chemical selectivity such as
electrostatic exclusion of one component from the membrane. These approaches
are obviously unsuited to separate molecules of similar size and charge.
In this chapter, we reason the means by which the geometrical shape of biological
macromolecules can be exploited to achieve separation even in the case that the
mass and chemical properties of the mixture’s components are virtually identical.
We recall the well-known Stokes-Einstein equation2 which relates the diffusion co-
efficient of a spherical particle with its hydrodynamic radius. Imagine a globular
protein with a tightly packed tertiary structure. If such a protein is chemically
unfolded, its structure changes to that of a randomly coiled polypeptide chain[7].
1By simply restraining large components and allowing smaller components and the solvent to
pass through the membrane. See [4], [5] and [6].
2D = kBT/(6piηrH), see section 2.4.
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The Stokes-Einstein equation now predicts slower diffusion for the latter type. In
a dialysis setup where a porous membrane separates two compartments, one of
them filled with protein solution3 and the other equipped with pure protein-free
buffer4, the difference of the diffusion coefficients will cause a faster concentration
equilibration of the more compact type. If this hypothesis holds true it will provide
a very simple, yet effective means for the separation of particles which can not be
separated with the common techniques mentioned above.
The first part of this chapter will focus on the diffusion behavior of bovine heart
cytochrome c in both its native and its urea-unfolded state. In the second part of
this chapter, we use our previous findings and attempt the separation of albumin
and hemoglobin via a multi-membrane dialysis setup.
2.2 Materials
2.2.1 Anodisc 47 Porous Membrane
Anodisc 47 membranes, catalogue number 6809-5002, were purchased from What-
man International Ltd. These membranes are circular freestanding discs of porous
anodized aluminum surrounded by a frame of plastic foil for handling purposes.
The discs have a diameter of 47 mm and a thickness of 50-60µm. According to the
specifications given by the manufacturer, the membranes should be punctured by
parallel cylindrical pores of a uniform diameter in the range of 20 nm. However,
scanning electron micrographs show that those specifications do not quite coincide
with reality.
Figure 2.1 shows a compilation of SEM pictures of the as-received membranes.
The upper left panel shows a slightly tilted lateral cross-section near the lower
edge of the disc. The membrane is clearly highly porous with mostly linear, par-
allel pores. The irregular structure in the lower half of the picture is probably
due to a destruction of the pore structure which occured during the cleaving of
the sample. Note, however, that the pores are much larger than the 20 nm spec-
ified by the manufacturer. The large pore size is further confirmed by the lower
left picture. This panel shows a cross-sectional view of the lower membrane face.
It reveals a somewhat irregular array of roughly circular pore openings with di-
ameters around 180 nm, much larger than expected. A look at the upper face of
3The cis-compartment.
4The trans-compartment.
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Figure 2.1: Scanning electron micrographs of a Whatman Anodisc 47 membrane. Upper
left: Longitudinal section at the lower edge of the membrane, slightly tilted. Upper right:
Longitudinal section at the upper edge. A thin (several 100 nm) layer with a smaller,
highly irregular pore structure can be seen on top of the larger, regular macropores.
Lower left: Cross sectional view of the lower membrane face. The pores are relatively
uniform in size and shape, but their position exhibits no long range order. Lower right:
The upper side of the membrane. Note that the scale is the same as in the lower left
picture. The membrane is covered with a thin mesoporous layer. This layer is obviously
thin enough so that the subjacent macropores can be seen in this picture. The layer is
also pertubed by defects such as macroporous holes.
the membrane reveals the origin of the manufacturer’s fallacy. This side of the
disc seems to be covered with a thin layer of highly irregular pores. Although
somewhat difficult to say due to the lack of circularity, the size of these pores
coincides with the manufacturer’s estimate of 20 nm. As can be seen in the lower
right panel, this layer of smaller pores is very thin. In fact it is so thin that the
larger macropores are looming as dark areas beneath the smaller structures in the
micrograph. The micrograph also features a fracture in the covering layer through
which the macroporous main structure can be seen directly. This is confirmed by
a longitudinal view of the upper membrane face, shown in the upper right picture.
The irregular layer can easily be seen on top of the larger structure. From this
6
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picture we estimate a layer thickness of 130-300 nm.
Other membranes with better defined pore geometry were commercially obtained
and subsequently tested. Unfortunately, none of these membranes showed any
protein permeability. We therefore used the Whatman membranes despite their
rather inconvenient geometry.
The isoelectric point5 of porous anodized aluminum is approximately pH 7[8]. We
therefore assume the pore walls to be uncharged at neural pH, positively charged
at acidic pH and negatively charged in alkaline buffers.
2.2.2 Cytochrome c
Cytochrome c is a family of small globular proteins common to all organisms whose
cells contain mitochondria. It is of paramount importance in the electron trans-
port of the respiratory chain and acts as part of signal cascades that play a role
in e. g. apoptosis6. The type used in this thesis is the bovine heart cytochrome
c. It consists of a single polypeptide chain of 104 amino acid residues which are
covalently bound via two cystein residues to a central heme complex. This central
heme complex is formed by a so-called porhyrin ring in which a single iron ion is
ligated by the nitrogen atoms of four pyrroles (C4H4NH). The geometrical dimen-
sions of the native folded state of cytochrome c have been reported in literature as
25× 25× 37 A˚3[9] and 26× 32× 33 A˚3[2], respectively.
Cytochrome c is widely used in fundamental research due to some convenient fea-
tures. Alongside being cheap and easy to obtain it is relatively stable and highly
soluble in water7. Furthermore, the central heme group shows a characteristic light
absorbance spectrum which changes along with changes in the ligation, oxidation
and spin state of the central iron ion[10]. Combined with the UV-absorbance8 at
220 and 280 nm the conformational state of the protein can readily be monitored
photometrically in real time.
Another reason why we chose cytochrome c as the model protein for our measure-
ments is that its native state can be reversibly unfolded by adding large amounts of
urea or guanidine hydrochloride to the protein solution. This urea induced unfold-
ing is usually interpreted in terms of a competition for hydrogen bond formation
and disruption of hydrophobic interactions in the protein structure[12]. Hsu et al.[13]
5I. e. the pH value at which the surface charge equals zero.
6I. e. the controlled death and decomposition of a damaged cell.
7Up to 100-200 g/l.
8Due to double bonds in the amino acid carbonyl groups and the fraction of tryptophan and
tyrosin[11].
2.2. MATERIALS 7
published a small angle x-ray study on cytochrome c unfolding induced by urea at
pH 7. Their data reveal a structural transition from the almost spherical confor-
mation of the folded protein (semi-major axis 18 A˚, semi-minor axis 18 A˚, radius
of gyration Rg = 12.8 A˚) to an highly eccentric ellipsoid shape (semi-major axis
65 A˚, semi-minor axis 9 A˚ at 8 M urea and Rg = 29.7 A˚ at 10 M urea) for the
unfolded type, respectively.
Albeit sufficient for some purposes, the simple model of one native and one unfolded
conformational state is far too naive. For example, Fedurco et al.[14] found out that
while only about 4% of cytochrome c molecules in an 8 M urea solution at pH 7 still
exhibit a native heme-configuration, a further acid induced conformational change
occurs at pH ≤ 4 upon acidic titration. This acid-unfolded state is only partially
unfolded and retains approximately 30% of its α-helices at pH 4[10]. Its radius of
gyration is Rg = 24.3 A˚ at pH 2.0 with approximately 15% α-helical structure
while the radius of the native state is 13.8 A˚ with approximately 50% α-helical
structure[15]. Viscosimetric measurements on cytochrome c in 7.8 M and 8.7 M urea
solutions show a continuous change in the reduced viscosity of the protein[14]. This
indicates a non-trivial behavior of the protein’s overall shape. Fedurco et al. showed
further that cytochrome c exhibits different conformational states when unfolded
in either urea or guanidine hydrochloride. This is likely due to a stabilizing effect
of the Cl− ions provided by GdnHCl on the protein structure[12].
Measurements of the intrinsic viscosity by Tanford et al.[7] indicate that proteins
in 6 M guanidine hydrochloride appear to be random coils. They found an empiric
formula for the intrinsic viscosity η = 0.684 ml/g ·n0.67 with the number n of amino
acid residues in the polypeptide chain. This yields 15.36 ml/g for cytochrome
c with n=104. Nevertheless, there seems to be some residual structure left in
neutral urea solutions. The acid unfolding described by Fedurco at pH ≤ 4 (or
pH ≤ 5.1 in 9M urea) causes a futher increase in intrinsic viscosity from 15.2 to
22.5 ml/g [12]. Thus, the simple picture of the random coil might not be applicable
to urea-unfolded cytochrome c.
Segel et al.[16] found two different denatured states upon unfolding of horse heart
cytochrome c in guanidine hydrochloride: one intermediate conformational state
with some residual secondary structure and a completely unfolded state. The
fraction of cytochrome c in the intermediate state peaks around 2.8 M GdnHCl,
while the completely unfolded fraction dominates above 3.4 M GdnHCl.
The oxidation state of the iron ion strongly correlates with the overall stability of
the protein structure. Reduced, ferrous cytochrome c containing an Fe2+ seems to
8
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be far more stable than the oxidized, ferric type containing a Fe3+. While ferric
cytochrome c exhibits complete unfolding in 8 M urea, about 70% of the ferrous
protein remain in the native folded state.
This dependency of the unfolding behavior from the oxidation state was also ob-
served in guanidine hydrochloride solutions by McLendon et al.[17].
A quick glance through research literature reveals the complexity of the cytochrome
c’s conformational landscape: Oellerich et al.[10] spectroscopically identified at least
3 partially unfolded, 4 completely unfolded and 1 acid unfolded state of ferric
cytochrome c alongside 3 partially unfolded and 1 completely unfolded state in
ferrous cytochrome c, depending on the denaturant used. Droghetti et al.[18] found
at least five different heme configurations of ferrous cytochrome c.
Spectroscopic Characterization of Cytochrome c
Within the scope of this chapter it is sufficient to focus on the light absorbance of
cytochrome c in the vicinity of 400 nm. This region is dominated by a prominent
absorbance peak of the heme group, called the Soret band.
Figure 2.2 shows the Soret band regions of folded and acid-unfolded cytochrome
c10. The peak positions of the Soret band are 416 nm for the reduced and 409 nm
for oxidized protein, respectively[19]. The latter changes only marginally upon urea
induced unfolding. Babul and Stellwagen reported the maximum of the Soret band
at 407 nm for ferric cytochrome c in 9 M urea solutions. The transition to the acid-
unfolded state is marked by a strong blue-shift of the peak to 395 nm[20]. This is
interpreted as a transition of the iron ion from a low-spin to a high-spin state. It
is thus easy to distinguish between ferrous and ferric cytochrome c as well a the
acid-unfolded state from the position of the Soret band’s maximum.
The UV-Vis spectra measured in this thesis indicate that most of the protein is in
the oxidized form. Therefore, complete unfolding is assumed for all protein solu-
tions with 8 M urea.
10Although we noted previously that the simple discrimination into one folded and one unfolded
state is overly naive, the SAXS measurements cited in section 2.2.2 indicate that the addition of
urea induces large changes in the hydrodynamical radius of the protein. Since the main interest
of this chapter is to evaluate the influence of the protein’s geometry on its diffusion behavior,
we neglect the presumably small geometrical differences between the individual unfolded states.
We therefore refer to cytochrome c in the presence of 8 M urea as unfolded while assuming the
protein to be folded in the absence of urea.
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Figure 2.2: Absorbance spectra of ferric cytochrome c in the Soret band region. Full
symbols show the data for pure protein in acidic buffer solution, open symbol denote
an acidic protein solution mixed with 8M urea. Upon addition of the denaturant, the
maximum exhibits a blue-shift from 412 nm to 402 nm and a strong increase in molar
absorbance, which is typical for the acid-unfolded state[14]. These changes are due to
conformational changes in the heme pocket, i. e. the vincinity of the central iron atom.
For more information about the spectroscopic characterization of different conforma-
tional states, see [10]. Note that the kink at 406 nm is due to a hardware error in the
spectrometer9.
2.2.3 Gold Nanoparticles
Adding high amounts of urea to an aqueous buffer will alter the solution’s viscosity.
According to the Stokes-Einstein equation this will cause the diffusion of urea-
unfolded proteins to slow down. This effect will be superimposed to any effects
resulting from the protein’s conformational changes. To extract the latter, we need
a set of reference data accounting for the pure viscosity-induced changes. Due to
their rigid structure, gold nanoparticles will not exhibit any structural changes in
urea solutions and make for a suitable reference system.
Gold nanoparticles were kindly provided by the workgroup of Tobias Kraus at the
Leibniz-Institut fu¨r neue Materialien INM in Saabru¨cken. They consist of a gold
10
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Figure 2.3: Absorbance spectrum of gold nanoparticles. The as-recieved sample was
diluted 140fold in neutral buffer solution prior to this measurement. The spectrometer
was the same as in fig. 2.2
core, measuring approximately 2 nm in diameter, surrounded by a shell of short,
hydrophilic thiols tethered to the gold surface. The hydrophilic functionalization
renders the particles soluble in aqueous buffers. The gold core’s surface plasmons
give rise to a distinct light absorbance spectrum which enables us to measure the
particle concentration photometrically. The absorbance spectrum of these particles
is shown in figure 2.3. The spectrum was recorded in the same manner used with
the cytochrome c samples.
2.3 Experimental Methods
2.3.1 The Diffusion Chamber
The experiments were conducted in self-made disposable diffusion chambers. We
used small reaction tubes11 as cis-compartments of the setup. We removed the
11PCR SoftTubes 0.5 ml from Biozym Scientific GmbH, cat.no. 711090.
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Figure 2.4: Left: Sketch of the protein diffusion chamber. A modified reaction tube (1)
serves as cis-compartment. The membrane (2) is attached to the tube’s rim with epoxy
resin glue. This setup is inserted into disposable UV-Vis cuvette (4) which simultaneously
acts as trans-compartment. The filling of the trans-compartment (3) is adjusted to the
filling height of the cis-side to exclude effects of a pressure-driven net flow through the
membrane. Right: The voids in a multi-membrane cascade are filled via the hydrostatic
pressure prior to the experiments. See section 2.5.2.
lids and attached appropriate pieces of Whatman 47 membranes to the rims of the
tubes using an epoxy resin glue12. The bottoms of the tubes were cleaved off to
provide a neck for subsequent filling of the chamber. Disposable polystyrene semi-
micro cuvettes13 served as trans-compartment. The upper half of these cuvettes
is large enough to allow insertion of the previously prepared membrane holders
while the narrow lower half provides a mechanical support to keep the inset in
position. This setup is sketched on the left panel of figure 2.4. The cis-side is
now filled with protein solution, while the trans-side is filled with protein-free
buffer. The filling heights of both compartments are adjusted so that artefacts
of a buffer net-flow through the membrane are minimized and only pure diffusive
transport should be observed. The membrane area slightly differs for each of the
disposable chambers. It is therefore diffcult to directly compare the data obtained
with different chambers. But since we are only interested in the relative effect of the
protein’s folding state on the diffusion, a precise knowledge of the absolute values
is not necessary. If we monitor the concentration in the trans-compartment for one
folding state and repeat the measurement afterwards for the other folding state,
but with otherwise identical parameters14 using the same cis-compartment and the
12Stycast 2850 FT with catalyst 24 LV by Emerson&Cuming.
13By ratiolab, cat.no. 2712120.
14Buffer pH and protein concentration.
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same membrane15, we can directly compare the two measurements without using
the exact membrane area. To eliminate a possible influence of adsorption on the
pore walls16, we alternated the order in which the folding states were examined17.
However, we did not obeserve any influence of the folding state’s order on the data.
2.3.2 Monitoring of the Protein Flux
The protein concentration in the trans-compartment was monitored photometri-
cally according to the remarks in section 2.2.2 using Ocean Optics USB650 Red
Tide Spectrometers. The height and position of the cytochrome’s Soret band were
extracted from the raw spectra. The height provided the information needed to cal-
culate the protein’s concentration whereas the peak position allowed us to monitor
changes in the protein’s structural and chemical properties18. As will be discussed
in the next chapter, especially in figure 3.8, a change in the central iron ion’s oxi-
dation state from oxidized to reduced causes a distinct red-shift of the Soret band’s
peak position. This information is crucial for our experiments, since full unfolding
of the molecules can only be achieved for an oxidized sample. Any data showing a
red-shifted Soret band were therefore rejected from further evaluation19.
Figure 2.5 shows a typical behavior of the concentration Ctr(t) in the trans-compart-
ment as a function of time. The black line corresponds to the concentration of
folded cytochrome c and the red line shows the respective data for unfolded cy-
tochrome c. Using Fick’s first law20 of diffusion
j = −D∂C
∂x
(2.1)
we obtain the following analytical expression for the trans-compartment concen-
tration:
15I. e. after appropriate cleaning, of course.
16Protein adsorbed to the pore walls will reduce the pore diameter. Strong adsorption might
even result in blocking of the pores, especially in the thin mesoporous layer.
17In half of our experiments the folded state was examined after measuring the unfolded state
and vice versa.
18As shown in section 2.2.2, the peak position of the acid-unfolded protein is blue-shifted
compared to the native type. Red-shifting of the spectrum indicates a transition from the ferric
to the ferrous state of the heme’s iron ion.
19Most of our samples kept their oxidation state for one or two days before notable signs of
reduction were observed. We found that this time was sufficient to obtain useable data.
20This law relates the particles flux j through a membrane with the diffusion coefficient D
of the diffusing particle and its concentration gradient in the direction x perpendicular to the
membrane plane.
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Figure 2.5: Protein concentration in the trans-compartment as a function of time for
pure buffer solution (black line) and urea solution (red line). The initial concentration
C0 in the cis-compartment was 5 g/l for both cases.
Ctr(t) =
Vcis
Vtr + Vcis
· C0 ·
(
1− e−κ · t
)
. (2.2)
In this equation, κ is the inverse of the concentration gradients relaxation time
τrelax. It can be expressed by the membrane area A and thickness d, the volumina
Vcis and Vtr of the compartments and the protein’s diffusion coefficient D as
κ =
1
τrelax
=
D · A
d
(
1
Vcis
+
1
Vtr
)
. (2.3)
The derivation of equation 2.2 is discussed in detail in appendix B.2.
To eliminate the effect of membrane area variations between the individual samples,
we define an effective diffusion coefficient :
D0 =
D · A
d
. (2.4)
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2.3.3 The Stokes-Einstein Equation
Urea induced unfolding results in a strong increase of the protein’s radius of gyra-
tion21. X-ray data by Hsu et al.[13] reveal that the radius of cytochrome c increases
from Rg = 12.8 A˚ in the native conformation to Rg = 29.7 A˚ in the urea-unfolded
state.
The Stokes-Einstein relation
D =
kBT
6piηrH
(2.5)
relates the diffusion coefficient of spherical particles to their hydrodynamical radii.
If we tentatively identify the hydrodynamical radius of a protein with its gyration
radius, we expect the diffusion of the unfolded type to be considerably slower than
that of the native one22.
2.3.4 Diffusion Measurements
We used a set of different concentrations C0. For each concentration we determined
the values of D0 for both conformational states of the protein according to the
explanations given above. The Stokes-Einstein equation suggests a fixed ratio
between the effective diffusion coefficients of folded and unfolded cytochrome c.
Plotting the quantity C0D0 of the unfolded state versus the respective values of
the folded state should thus yield a linear relation.
To check for influences of surface charges on both the protein and the surface,
we collected individual data sets for different pH values. We used an alkaline
buffer23 with pH 10 close to the protein’s isoelectric point where the cytochrome
c is electrically neutral and the surface negatively charged. The second buffer24 had
a pH of 7.0 corresponding to the membrane’s isoelectric point[8]. At this pH, the
protein bears a positive net-charge. Finally, a pH 3.8 buffer25 was used to examine
the case where both the surface and the cytochrome c are positively charged and
21As discussed in section 2.2.2.
22Admittedly this assumption may be overly naive. Equation 2.5 is only valid for spherical
particles. Furthermore, the equality of hydrodynamical radius and radius of gyration is not
necessarily true.
23Sodium tetraborate / sodium hydroxide buffer, Fluka Analytical, catalog number 33649.
24Monopotassium phosphate / disodium phosphate buffer with fungicide, Fluka Analytical,
catalog number 33646.
2550 ml 0.1 M hydrochloric acid and 6.3 ml 0.1 M sodium acetate.
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mutual repulsion can be expected.
Adding of 8 M urea altered the pH values of these buffers to 10.7, 7.5 and 4.6,
respectively. While these changes are quite substantial, the shifted pH values still
correspond to the regimes where the surface and protein charges are at least qual-
itatively the same as outlined above.
Reference measurements were conducted in the same manner, but with rigid gold
nanoparticles instead of cytochrome c. According to Dr. Kraus at INM26 the gold
particles will be negatively charged under most chemical conditions. We therefore
only used the alkaline and the neutral buffer for the reference measurements, cor-
responding to mutual repulsion27 and charged particles diffusing through a neutral
membrane, respectively.
2.4 Results of Cytochrome c Diffusion
Figure 2.6 plots the effective diffusion coefficients C0D0 for the pure buffers versus
the corresponding data for the 8 M urea buffers. If we assume that the protein
concentration C0 itself has no influence on the particle’s diffusion
28, we expect a
linear dependence of the data. Linear fits to the individual data sets for each pH
regime confirm this29. The upper panel of figure 2.6 shows the protein diffusion
data while the gold nanoparticle reference measurements are shown in the lower
panel. For the sake of simplicity, we define the flux ratio Df/Du as the slope of the
linear fits. For both systems, the cytochrome c as well as the gold particles, the
flux ratio depends on the pH value. Alkaline buffers yield the smallest flux ratios,
while more acidic buffers yield the larger values. The exact data are listed in table
2.1.
Adding high amounts of urea to an aqueous buffer solution increases the buffer
viscosity considerably. The literature predicts an increase of the viscosity upon
adding 8 M urea by a factor of η/η0 = 1.66 with respect to the viscosity η0 of
water[24]. According to the Stokes-Einstein equation, we expect that the diffusion
26Who provided the gold nanoparticles.
27Both the gold particles and the membranes will be negatively charged at pH 10.
28Which should be the case as long as the protein concentration is not too high. At higher
concentrations, where the dissolved particles take up a considerable share of the solution’s total
volume, protein crowding might lead to anomalous diffusion behavior[21],[22],[23]. We expect this
to occur at concentrations far higher than the highest concentration used in our experiments
(5 g/l).
29We set the y-intercept of these fits manually to zero. This is justified by the trivial fact that
a concentration of C0 = 0 means that no diffusion can be observed for either state of the protein.
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Figure 2.6: Upper panel: Plot of the fit parameters C0D0 for folded versus unfolded
proteins. The lines are linear fits with a y-intercept manually set to zero. The diffusion
of the folded protein is faster than the diffusion of its unfolded counterpart for all three
pH regimes. The slopes of the fits are 3.14 ± 0.16 for acidic, 2.53 ± 0.11 for neutral
and 1.64 ± 0.03 for alkaline buffers. Lower panel: Reference measurements with gold
nanoparticles. The C0D0 measured in pure buffers is plotted versus C0D0 from 8 M urea
buffers. The slopes are 1.66±0.11 for the neutral and 1.17±0.09 for the alkaline solutions.
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and thus the concentration increase in the trans-compartment is slowed down by
this factor even without accounting for any conformational changes of the pro-
tein. This is confirmed by the flux ratio of gold nanoparticles in neutral buffers,
whose diffusion is slowed down by a factor of 1.66± 0.11 in the presence of urea30.
Strangely, this expected value was not reproduced for the measurements at pH 10,
where only a slowdown by a factor of 1.17± 0.09 was observed. Both the particles
and the pore walls are positively charged in this case, but since the Debye length
of our buffer solutions is much smaller than the pore diameter31, mutual repul-
sion should not play any role for the bulk of the pore volume. The cause of this
deviation between measurement and expectation thus remains unclear.
The third column of table 2.1 shows the flux ratio of the cytochrome c samples after
correcting for the viscosity effect. If we assume that this remaining ratio is caused
by changes in the hydrodynamical radius we can calculate these radii from equation
2.5. Their values are listed in the third column of the table. Surprisingly, the data
for pH 10 does not show any increase in the hydrodynamical radius with respect
to the folded state. The photometrical data of cytochrome c in acidic 8 M urea
buffers show a strong blue-shift, indicating the presence of the acid-unfolded state
described by Fedurco et al.. The literature value for this state’s radius of gyration is
24.3 A˚, which is in excellent agreement with our estimated value rH = 24.2±1.3 A˚.
Df/Du (Df/Du) · (η0/η) rH [A˚] Df/Du · (η0/η) (gold)
pH 3.8 3.14±0.16 1.89±0.10 24.2±1.3 N/A
pH 7.0 2.53±0.07 1.52±0.07 19.5±0.9 1.00±0.07
pH 10.0 1.64±0.03 0.99±0.02 12.7±0.3 0.70±0.05
Table 2.1: The slopes of the data from figure 2.6 and respective estimates of the
proteins radius of gyration rH , based on [13]. The data for gold nanoparticles are
shown in the last column.
30This is exactly the value expected from Kawahara’s work[24].
31As discussed later in chapter 3, the Debye length after which a surface potential is shielded
in a buffer shrinks with increasing ionic strength of the solution. Even for an ionic strength as
low as 10 mM this length is only approximately 3 nm, much smaller than the pore radius of our
membrane (≈ 90 nm).
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2.5 Dialysis of BSA and Hb
2.5.1 Motivation
The measurements presented in the previous section indicate a considerable, yet
somewhat ambiguous influence of a protein’s geometry on its effective diffusion co-
efficient. The question arises whether this effect can be exploited for technical ap-
plications like protein separation. Many common concepts of dialysis and filtration
rely on simple size selectivity, where a membrane32 restrains the larger component
of a mixture while allowing the smaller component to pass. Trivially, this is not an
effective means to separate a mixture of two similar-sized components. Zydney et
al.[25] addressed this problem by exploiting the electrochemical properties for the
separation of a two-component model system. They reported the pressure-driven
filtration of an albumin-hemoglobin mixture at neutral pH. While almost identical
in size33, these proteins differ considerably in their respective isoelectric points34.
BSA, which is strongly negatively charged at pH 7, was electrostatically excluded
from the polymer membrane35, whereas the electrically neutral bovine hemoglobin
passed the membrane despite its identical molecular weight.
We will now use the same model system, but attempt to exploit another peculiarity
of the components. At neutral pH, both molecules are approximately spherical,
with hemoglobin dimensions of 55 A˚ × 55 A˚ × 70 A˚ and albumin36 dimensions of
50 A˚× 70 A˚× 70 A˚[2]. However, bovine serum albumin undergoes a conformational
change below pH 4.3[26], leading to a much more eccentric form with the dimensions
40 A˚× 40 A˚× 140 A˚[25].
Based on the findings of the previous sections, we expect albumin to show a much
slower diffusion than the similar-sized hemoglobin due to its different geometry.
2.5.2 Experimental Methods
The measurements were performed in the same manner as outlined in section 2.3.
Geometry-dependent separation was investigated in a 10 mM buffer solution at
pH 3.837, well within the region where BSA is present in its elongated form. Fur-
thermore, both proteins and the membrane are well below their isoelectric points
32Usually polymer membranes.
3366.4 kDa for BSA and 64.5 kDa for Hb.
34pIBSA = 4.7, pIHb = 6.85.
35With a 100 kDa cutoff that would normally allow both molecules to pass.
36We use bovine serum albumin (BSA).
37See appendix A.4.
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and will exhibit positive charges. Thus we assume mutual repulsion of all compo-
nents involved and adsorption effects should be minimized38. To correct for any
separation which may not directly stem from the protein geometry39, we conducted
a reference measurement at pH 8.5. In this buffer, all components involved bear
negative charges and adsorption should again be supressed. To make sure that
no separation of the different types was present at this pH, we did not measure
the diffusion through a single membrane, but through a cascade of four identical
membranes. We filled the cis-side of the setup with a solution containing equal
concentrations of both proteins. The faster diffusion of hemoglobin should thus
lead to an increased hemoglobin-to-albumin ratio in the space between the first
and the second membrane which in turn should cause an even higher ratio in the
next intermembrane space40 and so on. This should amplify even small separation
effects and make them clearly visible on the setup’s trans-side.
Before starting the multi-membrane experiments, we have to make sure that the
intermembrane spaces are air-free and filled with water. We achieve this by im-
mersing the membrane holder into a beaker containing destilled water in such a
fashion that the membranes are located several centimeters below the container’s
filling level. This is shown in the right panel of figure 2.4. The hydrostatic pressure
will now gradually fill the intermembrane spaces with water and replace the air
trapped therein. Since the applied pressure is rather small and the membranes
constitute a substantial resistence to the water flow, this filling took a couple of
days for the four-membrane cascade. Supernatant water in the cis-container was
removed after complete filling of the intermembrane space and the experiment itself
was conducted as described earlier.
Hemoglobin was detected using the Soret band absorbance already discussed for
cytochrome c and bovine serum albumin concentration was determined via the UV
absorbance at 251 nm. The spectrometers and cuvettes described in section 2.3 are
not suitable for UV spectrometry. We therefore used the equipment described in
chapter 4.
2.5.3 Results
The results are plotted in figure 2.7. The left panel shows the reference measure-
ment at pH 8.5 using the four-membrane cascade. Red and black lines depict the
38See chapters 3 and 4 for more details on the protein adsorption to charged inorganic surfaces.
39We recall that hemoglobin and serum albumin strongly differ in their isoelectric points.
40Since the absolute particle flux through a membrane depends on the concentration gradient
between cis- and trans-side. See Fick’s first law, equation 2.1.
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Figure 2.7: Left: Dialysis of BSA (black line) and hemoglobin (red line) through a four-
membrane cascade at pH 8.5. Almost no separation effect is observed. Right: Dialysis of
BSA (black line) and hemoglobin (red line) through a single membrane at pH 3.8. See
text for further discussion.
respective hemoglobin and serum albumin concentrations in the trans-compartment
as a function of time. Although the data are somewhat noisy due to the low pro-
tein concentrations and the rather frugal detection limit of the spectrometer it is
evident that few to no separation occured if both proteins are in their globular
form. The results for the single-membrane dialysis at pH 3.8 are shown in the
right panel of figure 2.7. Note that the data for BSA exhibits more noise than
the hemoglobin data. BSA was detected in the UV at a wavelength below 280 nm.
The spectrometers’ sensitivity in this region is considerably lower than for 410 nm,
where the Soret band absorbance was used to detect hemoglobin41. The results
are highly ambiguous: We observe no separation for measurement times shorter
than twelve hours. Both proteins seem to have similar diffusion coefficients. After
approximately 750 minutes the slope of the BSA’s concentration exhibits a strong
decrease and remains considerably smaller than the hemoglobin’s slope for the rest
of the experiment.
2.6 Discussion
The results of section 2.4 prove that the diffusion of unfolded cytochrome c is con-
siderably slower than for the native protein. Part of this can be expected from
the increased viscosity in solutions with high urea content and the Stokes-Einstein
equation. The difference in the conformational state’s diffusion coefficients vanishes
41This is not only due to the spectrometer itself. Both the lightsource output and the trans-
mission of the fiber optics and the cuvette are lowered in the UV.
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for the samples in pH 10 buffer if we correct for the viscosity effect, but remains dis-
tinct for the other pH values investigated. For pH 3.8 the difference almost exactly
reproduces the radius of gyration expected for the acid-unfolded state, indicating
the relevance of the geometrical shape on the diffusion. However, the dependency
of the flux ratio42 on the pH remains unelucidated. The measurement at pH 10 even
indicates that there is either no influence of the geometrical shape on the diffusion
at all or that the unfolding failed at this pH. The latter is rather unlikely given
the spectroscopical data and the vast amount of evidence from literature43. Even
the reference measurements with gold nanoparticles remain ambiguous. Whereas
they excellently reproduce the expected viscosity effect for pH 7, this effect is less
pronounced for pH 10. Gold particles are very rigid and can not show any con-
formational changes in the presence of urea. Additionally, their almost spherical
shape renders deviations from the behavior predicted by the Stokes-Einstein law
rather unlikely.
Given these contradictory results, we propose that some kind of charge effect might
be the cause of this peculiar behavior. But again, charge effects should play no
role for the bulk of the pore volume, since any surface charge will be shielded after
a few nanometers or even less due to the short Debye length44 in typical buffer
solutions. Crowding effects are also unlikely in such dilute solutions as used in our
study[23].
Another indicator that the simple view of a bulk-like protein diffusion through
straight cylindrical pores might not be the case here are the absolute values of
the diffusion coefficients measured in this system. We can estimate the expected
values for C0D0 using the literature value for the native cytochrome c’s bulk dif-
fusion coefficient D = 1.5 · 10−10 m2/s [27]. The area of the membranes used in our
experiments ranged from 20 mm2 to 28 mm2. Using the SEM pictures from figure
2.1 we estimate a membrane porosity between 36% and 47%. Together with the
membrane thickness of 50µm this allows us to estimate the effective diffusion co-
efficient45 of our setup as D0 = D ·A/d = 2.1 to 4.1 · 10−11m3s . For a solution with
an initial cis-concentration of C0 = 5 g/l= 406µmol/l we finally get C0D0 = 8.4 to
16.4·10−6 µmol/s. Typical experimental values range about one order of magnitude
smaller46.
42As defined in section 2.4.
43See section 2.2.2.
44See chapter 3.
45See equation 2.4.
46The experiments of native cytochrome c in acidic buffer using an initial concentration of 5 g/l
yielded 2.38 and 8.87 · 10−7 µmol/s for C0D0.
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This draws us to the unfavorable conclusion that the thin mesoporous layer present
on top of the membrane might not be neglectable. As can be seen from the SEM
images in section 2.2.1 the typical pore radii in this layer range around 10 nm. If we
assume protein adsorption on the pore walls47 this radius will be further reduced to
a mere 7−9 nm. Although the mesoporous layer is only a few hundred nanometers
thick, the mesopores will still have a high aspect ratio48. Any particle diffusing
through the membrane will experience a multitude of collisions with the pore wall
before finally entering the macroporous bulk of the membrane. Additionally and
maybe more critical, the remaining radius will be on the order of the typical Debye
length which will cause a certain influence of surface charges. These charges depend
on the buffer pH and may cause the pH-dependency of the diffusion behavior.
Charge-selective exclusion might thus be the true cause of the observed diffusion
behavior. Consider a large and flexible random coil polypeptide chain compared
to a smaller spherical protein. The flexible chain might be able to fit through
narrower openings than the more rigid folded molecule, but this will inevitably
impose a great loss of conformational entropy on the coiled structure. Diffusion
through such a narrow pore will thus be unfavorable from a thermodynamical point
of view. Electrostatical repulsion will increase this effect. While a charged pore will
not affect the uncharged coil at pH 10, the mutual repulsion at pH 3.8 will constrain
the chain’s motion to the center of the pore, resulting in an even higher entropic
barrier. This barrier will be lower for the folded form and the observed difference
in diffusivity at this pH will be higher. At intermediate pH, the pore walls will be
uncharged. But residual adsorption might lead to a covering of the neutral walls
with the positively charged proteins whose charge might in turn affect the coils
diffusing through the pore. We still can not explain the peculiar gold particle data
at pH 10. However, these data might be too noisy to draw a definite conclusion
anyway.
But again, if this were true and the diffusion behavior were solely dominated by
the mesoporous layer, then it is quite puzzling why the gold data for neutral buffers
and the cytochrome c data for acidic buffers almost exactly reproduce the expected
behavior.
Given the data by Hsu et al.[13] it stands to reason that the shape of the urea-
unfolded protein is rather rod-like than randomly coiled as predicted by Tanford
et al.[7]. The Stokes-Einstein equation might thus not be applicable in this case.
Contrary to this, the acid-unfolded protein is thought to exhibit a more glob-
47Protein adsorption will be discussed in detail in the remainder of this thesis.
48This means that the pores are much longer than they are wide.
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ular shape[10]. The Stokes-Einstein equation thus predicts the correct diffusion
behavior for this conformational state. Note that the apparent increase in the flux
ratio Df/Du upon acid-unfolding as measured in our experiments coincides semi-
quantitatively with the intrinsic viscosity data by Tsong et al.[12] mentioned on
page 7.
The hemoglobin versus serum albumin data are similarly ambiguous. While the
absence of any separation effect in the pH 8.5 buffer matches our expectations, the
experiments at pH 3.8 do not allow for a simple interpretation. We do not observe
any separation for times shorter than 12 hours. Beyond this time, however, BSA
diffusion is either saturated or truly slowed down. Unfortunately, the raw data
quality was too poor to draw any meaningful conclusion.
2.7 Conclusion
The effective diffusion coefficients of folded and unfolded cytochrome c through a
porous aluminum oxide disc have been measured photometrically. Reference mea-
surements with gold nanoparticles were performed to correct for the influence of the
buffer’s viscosity change upon adding the denaturant for protein unfolding. Using
the well-known Stokes-Einstein relation, we estimate values of the protein radius
in the solution. The data are very ambiguous: Measurements at pH 10 do not show
any difference between the conformational states, but there is definitely an effect
visible at pH 7 which is not solely due to the enhanced buffer viscosity. However,
this effect is much smaller than expected49. The experiments at pH 3.8 excellently
reproduce the radius of the acid-unfolded state well within the measurement ac-
curacy50. The viscosity effect51 was demonstrated with similar precision from the
gold particle data at pH 7. At pH 10, however, this effect was underestimated.
Motivated by these findings, we attempted to separate a mixture containing equal
amounts of hemoglobin and serum albumin by exploiting their different geometries
at pH 3.8. The results did not show the desired effect and no simple explanation
for the observed behavior was found.
The observed deviations from what was expected cast doubt on the simple assump-
tion that the transport process is dominated by bulk-like diffusion in cylindrical
macropores. It may be the case that the effect observed in this study is not due to
49We estimate a protein radius of rH = 19.5 ± 0.9 A˚, much smaller than the rH = 29.7 A˚
expected from [13].
50Fedurco et al.[14] report a radius of rH = 24.3 A˚, we measured rH = 24.2± 1.3 A˚.
51I. e. the apparent deceleration of the diffusion due to an increased buffer viscosity.
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the protein’s geometrical shape, but a mere artefact of electrostatical and entropi-
cal exclusion from the mesoporous barrier. We also can not exclude the influence
of transient adsorption on the protein diffusion. However, the data for gold parti-
cles at neutral pH and for cytochrome c in acidic buffers almost exactly match the
expectations. This should not be expected if bulk-like diffusion is indeed hindered
by the mesoporous layer.
We conclude that while a comprehensive interpretation of the entire data was not
possible, at least some measurements indicate the validity of the Stokes-Einstein
equation for protein diffusion through a macroporous membrane if the proteins ex-
hibit a globular shape. Deviations from this simple behavior for more complicated
shapes of the diffusing proteins are likely. A comprehensive elucidation of these
rather complicated cases was beyond the scope of this study. Nevertheless, the ob-
served differences between the cytochrome c’s folding states can not be explained
simply by an enhanced buffer viscosity and indicate that the protein’s geometrical
shape plays an important role in its diffusion behavior.
Chapter 3
Immobilization of folded and
unfolded Cytochrome c into
SBA-15
3.1 Introduction
3.1.1 Motivation
Over the course of the last two decades, protein adsorption in mesoporous mate-
rials1 has been intensively studied and plenty of technical applications have been
envisaged. Some proteins show an enhanced stability against denaturating con-
ditions – chemical as well as thermal – and retain or even increase their electro-
chemical activity when encapsulated in silica mesopores[28]. More trivially, since
microorganisms like bacteria or fungi are far too large to penetrate mesoporous
structures, encapsulated proteins are well protected from biological decomposition.
This opens a wide field of biochemical applications that employ the enzymatic activ-
ity of proteins under conditions which would otherwise destroy the enzymes. Other
interesting applications arise from the fact that not all polypeptides adsorb equally
well on all surfaces. Thus, chromatography of complex protein solutions should be
feasible with customized mesoporous host materials. A third and rather promis-
ing field of interest is the use of porous materials as novel devices for controlled
in-vivo drug release. As a general rule of thumb, protein adsorption appears to
be non-specific and can be reversible under specific conditions. Several researchers
suggest utilizing this by loading a porous structure with drugs or enzymes and then
1Henceforth also called sorbents.
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injecting the loaded particles into living cells where the physiological conditions2
cause a release of the drugs into the cytosol. The feasibility of this application is
demonstrated in literature[29] and especially by Slowing et al.[3]. The latter group
loaded MCM-41 silica particles with a fluorescent protein which was subsequently
released into the cytoplasm of human cervical cancer cells (HeLa-cells).
Interestingly enough, despite the vast amount of research in this field, there is to
date no consensus in literature what types of interaction dominate the adsorption
of biomolecules on inorganic surfaces. It is the main motivation of this chapter to
compare two of the most common theories and to highlight their advantages and
their shortcomings.
Cytochrome c, which is described in detail in section 2.2.2 of this thesis, is a widely
used model system for the study of protein adsorption. Likewise the mesoporous
silica SBA-15 described in section 3.2.1 is one of the most common model systems
for inorganic porous sorbents. There exists a vast amount of studies concerning
the adsorption of cytochrome c on SBA-15, including works by Deere et al.[30],
Hudson et al.[31], Miyahara et al.[32], Vinu et al.[33] and Zhang et al.[34]. Reviews
were published by Hartmann[2] and Zhao[35].
Nevertheless, all these studies focus on folded i. e. native cytochrome c exclusively.
Here, we propose a comprehensive analysis of both folded and unfolded cytochrome
c to gain new insights into the interactions which drive protein adsorption.
3.1.2 Simple Electrostatic Interaction Model
The most common model for protein adsorption focuses on electrostatic i. e. coulom-
bic attraction or repulsion between the protein molecules and the adsorbing surface.
Amino acid residues in a polypeptide chain can be polar, non-polar, positively or
negatively charged or amphiphilic. Since the individual amino acid charges are
unlikely to completely compensate for each other, their sum will likely be unequal
zero, giving the protein an overall net charge. Due to the dependence of the indi-
vidual charges on the pH value, this overall net charge will change with changing
acidity of a buffer solution. For very alkaline buffers the net charge will be negative
and positve for very acidic buffers. At an intermediate pH value, the charges of the
residues will compensate for each other and render the protein virtually uncharged.
This pH value - defined as the isoelectric point pI - is unique for different proteins
and can range from around pH 1 for pepsin to above pH 11 for lysozyme[36].
2I. e. in that case mainly the pH value and the salt content.
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But even at the isoelectric point where the overall charge vanishes, there will still be
positively and negatively charged residues forming charged patches on the protein’s
surface[37],[38]. Hence, coulombic interaction is likely to play an important role when
proteins adsorb on charged surfaces3.
In the most simple picture this means that proteins adsorb when the sign of their
overall charge differs from the charge sign of the sorbent, while no adsorbtion should
occur when the charges have the same sign[30]. This over-simplified model was a
commonly held view in the mid 1990’s, inspired by studies which showed that
the adsorption of some proteins on a negatively charged silica surface decreased
strongly above the respective isoelectric point4. However, this model has some se-
vere shortcomings. For example it fails to explain the behavior of α-lactalbumin,
which strongly adsorbs on charged surfaces independent of the charge sign[38].
It further fails to acknowledge the fact that the highest binding affinities are of-
ten found close to the isoelectric point where the overall charge of the protein is
zero. For example, Vinu et al.[33] studied the pH-dependent adsorption of horse
heart cytochrome c on SBA-15 (see section 3.2.1) in 25 mM buffer solutions. The
highest pore loading was observed at pH 9.6 which is only slightly below the pI
of cytochrome c5. They examined the pH-dependency between pH 3 and pH 10.6.
Within the scope of the electrostatic attraction model, it is thus consensus in
literature[2],[32] that the loss of electrostatical repulsion between the molecules6 fa-
cilitates the high pore loadings observed at the pI while the attraction to the
adsorbing surface is driven by the charged residue patches on the protein surface.
Sang et al.[40] proposed a general model for protein adsorption at their isoelec-
tric point. They assume ellipsoidal proteins that adsorb in a cylindrical mesopore
with their long axis parallel to the pore walls. While simple monolayer coverage
can not account for the saturation values of the measured Langmuir isotherms7,
a good agreement was found if a filling of the entire pore space was assumed8.
These multilayers appeared to be stable after three-fold flushing with pure buffer
solutions.
In 2005, Pasche et al.[41] showed that the adsorption of lysozyme on different sur-
3Like silica surfaces containing -OH groups.
4E. g. papain adsorption by Diaz et al.[39].
5Between pH 10.0 and pH 10.5, see Appendix A.3.
6Since there is no net charge at the pH, the individual molecules do not repell each other and
can thus form a much tighter packing.
7Protein adsorption is commonly described by means of Langmuir-type adsorption isotherms.
See appendix B.1 for more information on adsorption isotherms in general.
8I. e. multilayering wherever possible.
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faces strongly depends on the ionic strength of the buffer solution9, whereas the
ionic strength exhibits no influence on α-lactalbumin adsorption. One can conclude
that adsorption of lysozyme is at least partially driven by the protein’s overall
charge, which is shielded from the surface to an increasing extent when the Debye
length becomes smaller than the protein size. On the other hand, α-lactalbumin
seems to bind mainly via interfacial charges which are in direct contact with the
surface and thus not shielded by higher ion concentrations.
These findings inspired Hartvig et al.[38] to present a model which explicitly in-
cludes the charged surface patches in a quantitative way. Considering the chemical
properties of the ionizable groups and the orientation of the adsorbed protein with
respect to the surface, they calculated Langmuir isotherms for lysozyme and α-
lactalbumin for a set of differently charged surfaces. Their model fits to the experi-
mental isotherms published by Pasche et al.[41]. It reproduces the simple behavior of
lysozyme10 as well as the counter-intuitive behavior of α-lactalbumin11. Although
this model neglects any dispersion forces, hydrophobic interactions, conformational
changes or any other type of interaction, it suffices to explain the experimental data
very well. It is thus very tempting to assume simple electrostatic interaction be-
tween charged patches, net charge and surface charges as a final and comprehensive
explanation for protein adsorption.
Nevertheless, their interpretation is lacking at one point. The experimental results
they use to test their model were measured at surfaces at least partially covered
with a tethered PEG spacer layer with a thickness exceeding the Debye length of
the buffer. Contrary to the experimental reality, the model describes the adsorp-
tion at an uncovered, blank surface. Thus the exact nature of the protein-surface
interaction still remains unclear.
However, electrostatic interaction still seems to be exceptionally suitable to ex-
plain the behavior of the system studied in this thesis, cytochrome c on negatively
charged silica[42]. Within this chapter, we will test this hypothesis and show that
while it may be sufficient for native cytochrome c, it fails to explain the behavior
of the unfolded protein in all its peculiarities.
9Decreasing with increasing ionic strength.
10Lysozyme adsorbs only for low ionic strength and only if the surface charge is complementary
to the overall protein charge.
11As stated earlier, α-lactalbumin adsorbs on all charged surfaces, independent of the overall
protein charge sign and the ionic strength.
3.1. INTRODUCTION 29
3.1.3 Hydrophobic Interaction Model
Contrary to the model presented above, Xu et al.[36] argue that electrostatic attrac-
tion alone is not enough to adsorb proteins. They found that covering silica with
negatively charged, dense polymer layers supresses protein adsorption to a large
extent12 independent of the protein pIs which was investigated in the range from
pH 1 to pH 11 in their study. The ionic strength also had only a minor influence.
Thus, they conclude that electrostatic interaction seems to play no role in adsorp-
tion in this system, since the lack of hydrophobic interactions with the hydrophilic
polymer surface is sufficient to supress adsorption almost completely.
Hydrophobic interaction is a collective term for a multitude of different compet-
ing interactions, including peptide-pedtide, peptide-water, water-water, peptide-
surface and water-surface interactions and combinations thereof[43]. The driving
force between all these interactions is the entropy gain of water molecules released
from the vicinity of a non-polar surface into the bulk of a solution.
Since proteins are not hard, rigid entities but consist of flexible biopolymer chains,
they can adjust to an adsorbing surface with conformational changes i. e. changes
in their tertiary or even secondary structure. Norde reasoned that the entropy
gain from conformational changes can outweigh the electrostatic repulsion, thus
facilitating adsorption even when the protein’s and sorbent’s charges have the same
sign[44]. Some proteins undergo severe conformational changes while adsorbing13.
Jungbauer et al.[47] found that the adsorption of BSA to various ligand types in
hydrophobic interaction chromatography (HIC) increases vastly with increasing
concentrations of ammonium sulfate in pH 7 sodium phosphate buffer solutions.
Since hydrophobic interactions can be increased by high ionic strength, they ar-
gue that hydrophobic interaction dominates BSA adsorption. Hartmann et al.[2]
also proposed that weak forces like Van-der-Waals and dispersion forces14 domi-
nate protein adsorption, though they admit that electrostatic interaction can assist
adsorption.
Ha¨hl et al.[48] studied a variety of proteins and found them to adsorb on hydropho-
bic substrates independent of their charge sign. Also, protein layers adorbed on
hydrophobic substrates appear to be much more compact than on hydrophilic sub-
strates, indicating conformational or orientational changes due to stronger dis-
persion forces. Almost no adsorption was observed for neutral α-amylase on a
12Around 90% or higher.
13As shown e.g. for BSA on MCM-41 by Katiyar et al.[45] or α-amylase on planar surfaces[46].
14I. e. hydrophobic forces.
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hydrophilic substrate.
MD-Simulations by Carr et al.[49] of dimethyl methylphosphonate on a hydrophobic
surface indicate that the entropy-driven exclusion of water dominates the adsorp-
tion process.
3.1.4 Counterion Release Model
When a charged plate is immersed into a solution containing positive and negative
ions the concentrations of these ions will change in the vicinity of its surface. Ions
with the same sign as the surface charges (coions) will be repelled into the bulk
while those with a different sign (counterions) will be drawn toward the surface.
This leads to the formation of a shielding layer which is conventionally described
by the Debye length λD = κ
−1 given by
κ2 =
8piq2ecS
kBT
(3.1)
after which the electrical potential of the plate is reduced to 1/e of its value directly
at the surface. Here, qe is the elementary charge, cS the ion concentration in the
bulk,  the dielectric constant of the solution, kB the Boltzmann constant and T
the temperature. For low ionic strength electrolytes, the counterion concentration
in the shielding layer strongly surpasses the bulk concentration. This leads to a
considerable entropy loss for the bound ions.
When a second plate with opposite charge is brought in contact with the first plate,
their charges mutually shield each other and the counterions are released into the
bulk, since the shielding layer is no longer needed to ensure electroneutrality. This is
accompanied by an entropy gain which causes an attractive force between the plates
that adds to the mere coulombic attraction. Meier-Koll et al.[50] perfom explicit
calculations of the resulting forces and highlight the importance of this entropy-
driven interaction especially for low ionic strength solutions. Their calculations are
sketched in Appendix B.3 of this thesis.
This model can be easily applied to protein adsorption: Both the charged patches
on the protein and the surface of the sorbent are covered with a shielding ion layer
which desolves upon adsorption. For low ionic strength electrolytes, the entropic
force of the counterion release should thus play an important part. Furthermore, if
adsorption is dominated by counterion release, we can expect the binding affinity
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to drop significantly if the ionic strength increases.
There are several studies supporting this view: Causserand et al.[6] note that the
binding of hemoglobin on clay at pH 7 decreases with increasing ionic strength.
Deere et al.[30] studied the ionic strength dependency of cytochrome c adsorption
on cyano-functionalized SBA-15. They found a severe decrease of the binding
affinity with increasing ion concentration with almost negligible adsorption above
0.5 M NaCl15. Kraning et al.[19] reported that adding 150 mM NaCl to a 7 mM
phosphate buffer at pH 7.2 reduces the saturation value cytochrome c adsorption
on fused silica by a factor of 2 and the Langmuir interaction parameter16 by a
factor of 20. Wagner et al.[51] found that the entropic gain from counterion release
accounts for most17 of the free energy associated with the condensation of cationic
lipid bilayers and DNA into a smectic-like lamellar phase.
Welsch et al.[52] examined the adsorption of lysozyme into charged microgels18
at pH 7.2 for a set different temperatures and ionic strength of the electrolytes.
Their results imply that the interaction between protein and host is dominated
by counterion release for low ionic strength and by hydrophobic effects for high
ionic strength, respectively. They further suggest that the lysozyme gets proto-
nated upon adsorption. Their findings are further backed up by theoretical work
from Yigit et al.[53] which shows that adsorption into a negatively charged polymer
network dominated by this entropy-driven interaction yields the experimentally
observed Langmuir-type isotherms.
3.2 Materials
3.2.1 Mesoporous Silica Powder SBA-15
The porous silica Santa Barbara Amorphous-15 (SBA-15) was first synthesized
by Zhao et al.[54]. It is a class of silica powders punctured by highly ordered,
hexagonally aligned cylindrical mesopores with relatively uniform pore radii and
high aspect ratios19. The precise details of the porous structure such as overall
porosity, pore size and thickness of the silica frame can be tailored individually by
variations of the synthesis. The original work by Zhao et al. lists several recipes
15Note that these findings can not be directly compared to the results of this study presented
in section 3.4, due to the surface functionalization which is absent in our studies.
16See e. g. Appendix B.1.4.
17Up to 97%, depending on the used lipid-to-DNA ratio.
18Polystyrene spheres with a tethered network of charged polymers.
19I. e. the ratio of pore length to pore radius.
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Figure 3.1: Scanning electron micrograph of SBA-15 powder. Upper left: The meso-
porous material forms needle-like aggregates with a length of a few dozen micrometers.
Note the presence of non-porous silica spheres, which may influence the estimation of
overall material porosity, but can otherwise be neglected in this study. Upper right: The
surface of a needle-like aggregate at higher magnification. The single SBA-15 grains can
easily be seen. Lower left: The front edge of a silica grain. The dark spots on the sur-
face are the pore entrances. Lower right: Lateral view of a SBA-15 grain. The straight
cylindrical pores can be seen as dark grooves on the surface. To achieve better visibil-
ity, the contrast in both pictures in the lower panels was enhanced with standard image
processing software (GNU Image Manipulation Program GIMP 2.6.5).
and describes the features of the resulting materials. SBA-15 is a template material
synthesized from an aqueous emulsion of amphiphilic tri-block co-polymers. When
thoroughly stirred in water, these polymers form an ordered micellar structure.
Their hydrophobic parts align to rod-like aggregates, while the hydrophilic chains
spread out into the water and act as spacers between the individual rods. Adding
tetraethyl orthosilicate leads to an agglomeration of silica around the polymer
micelles and to the sedimentation of the resulting phase. Calcinating removes the
polymer by simply burning it out and leaves the silica negative of the micellar
framework. The resulting material is a fine-grained porous silica powder.
Although the majority of the SBA-15 pore volume can be attributed to the cylin-
3.2. MATERIALS 33
drical mesopores20 resulting from the rod-like polymer micelles, a certain amount
of microporosity21 is always present in these materials. This unsolicited micro-
porosity was first discovered by Impe´ror-Clerc et al.[55]. They performed small
angle x-ray scattering and noticed a deviation between the form factor of SBA-15
and that of a hypothetical powder with ideal mesoporous structure. They devel-
oped a model where the cylindrical pores are surrounded by a layer of microporous
silica - the so-called corona - which separates the main pores from the solid silica
walls. It is standing to reason to assume that this microporosity stems from the
hydrophilic spacers between the hydrophobic micelles. Thus, a certain connectivity
between pores should be expected, meaning that at least some of the micropores
link the larger mesopores. There is plausible experimental evidence that supports
this view: Filling the SBA-15 with carbon and subsequent dissolving of the silica
yields porous stable carbon replicas of the original micellar polymer phase[2],[40].
Since a replica of non-interconnected pores would not be stable, the assumption of
connecting micropores seems legitimate.
Recent data cast doubt on the cylindrical nature of the mesopores[56]. Data from
transmission electron micrographs and detailed evaluation of nitrogen sorption
isotherms suggest that the pores are strongly corrugated rather than straight tubes.
Simply spoken, the pores consist of small segments with different diameters, giving
rise to what seems a Gaussian distribution of pore sizes.
Figure 3.1 shows scanning electron micrographs of the SBA-15 powder used in this
thesis. The image in the upper left panel shows that the bulk of the material
consists of needle-like structures with a typical length in the range of 100µm. We
further discovered the presence of micrometer-sized spheres, which were neither
expected nor elsewhere described in literature. Whether or not these spheres are
solid or porous remains unclear, but an image at 100,000-fold magnification revealed
a slightly corrugated surface with no apparent signs of porosity. While the presence
of presumably nonporous, solid spheres affects the evaluation of the overall powder
porosity and specific pore volume, it only plays a minor role in the ratio of external
surface to internal pore surface and is otherwise irrelevant to these experiments.
We therefore neglected these spheres in the evaluation of our data.
The upper right panel shows a closer look at one of the needle-like structures.
These structures are actually aggregates of much smaller individual grains with
sub-micrometer diameters and lengths of approximately two or three micrometers.
A zoom in on the edge of such a single grain reveals the porous structure. The lower
20With typical radii of several nanometers.
21Any structures with pore sizes of two nanometers or smaller.
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left picture shows a micrograph of the front edge of a grain. The pore openings are
visible as dark spots on the brighter silica surface. The lower right picture presents
a lateral view of the grain surface where the pores can be identified as dark grooves.
Their high aspect ratio is evident in this picture.
Figure 3.2: Small-angle x-ray scattering (SAXS) diffractogram of SBA-15 powder,
recorded at DESY, Hamburg. The data show an amorphous background from the silica
material and five diffraction peaks, confirming the hexagonal order of the mesopore array.
Courtesy of Daniel Rau, Universita¨t des Saarlandes, Saarbru¨cken.
Figure 3.2 shows a small angle x-ray diffractogram of the SBA-15 powder used in
this thesis. The diffractogram was recorded at DESY, Hamburg. The logarithm
of the scattered intensity is plotted against the absolute value q of the scattering
vector ~q. The data show a strong background signal due to air scattering and the
amorphous silica structure and five diffraction peaks. These peaks correspond to
the (10), (11), (20), (21) and (30) reflections of a hexagonal lattice with a lattice
constant22 of approximately a = 10.7 nm.
As highlighted in section 3.1.1, the knowledge of the surface charge sign of SBA-15
is mandatory for any useful interpretation of protein adsorption data. The silica
22The lattice constant a of a hexagonal array can be calculated from the Miller indices (hk) of
a scattering peak via the formula qhk =
4pi
a
√
3
√
h2 + k2 + hk.
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surface of the SBA-15 pores contains hydroxyl groups which are usually negatively
charged. However, below a certain pH value23 the charge of the hydroxyl groups
will eventually be neutralized. The literature[8] reports the isoelectric point for sol
gel materials24 between pH 2[8] and pH 3.5[57]. For SBA-15, the reported values are
pH = 3.64[29], 3.7 ± 0.3[31] and 3.8[37]. Thus, we can safely assume that our silica
material carries a negative charge above pH 4.
3.2.2 Characterization of SBA-15: Nitrogen Sorption
Sorption isotherms are a well-established means to characterize mesoporous mate-
rials. When a sorbent is brought in contact with a vapor phase some of the gas
molecules will condense on the surface even at pressures considerably below the
vapor pressure of the gaseous bulk phase at a given temperature25. Figure 3.3
shows a typical example of a nitrogen sorption isotherm for SBA-15. The graph
plots the total amount of gas condensed into the pores (normalized by the value
needed for complete filling of the pores) versus the reduced vapor pressure, i. e. the
pressure normalized by the equilibrium vapor pressure.
At very low pressures the interaction between the gas molecules and the naked sur-
face causes the gas to condensate. The large initial slope of the isotherm reflects
this phenomenon. The kink in the isotherm at a reduced pressure of approximately
0.05 marks the point were a complete monolayer has formed, i. e. the surface is now
completely covered by an adsorbed layer of single molecule thickness. Further in-
creasing of the pressure leads to a growth of the condensed layer’s thickness. This
region which spans up to reduced pressures of 0.6 is called the reversible multi-
layer regime. As explained in detail in Appendix B.1.3, this liquid film becomes
unstable in cylindrical pores when reaching a certain thickness. Further adsorp-
tion of gas molecules then leads to the spontaneous formation of capillary bridges,
i. e. small liquid droplets which span across the entire pore diameter. In figure 3.3
this transition can be seen for p/p0 between 0.6 and 0.7 as a strong increase in
the isotherm’s slope. This condensation is a first order phase transition. Adding
more gas molecules to the system will cause the droplets to grow longitudinal to
the pore axis while the pressure remains unaltered. Only upon reaching complete
filling of the pores is the pressure able to increase any further26. Note that there is
23The isoelectric point, analogous the discussion in section 3.1.2.
24A class of silica materials closely related to SBA-15.
25E. g. 1 bar for nitrogen at 77 K.
26This would usually imply a diverging slope in the isotherm. Obviously, this is not the case
in figure 3.3. This will be discussed in the following sections.
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Figure 3.3: Typical nitrogen sorption isotherm for SBA-15. The filling fraction f of
the pores is plotted versus the reduced vapor pressure p/p0. Circles denote data points
measured upon adsorption of nitrogen. The triangles correspond to data gathered upon
desorption. See text for further discussion.
a strong hysteresis in the pressure associated with capillary condensation between
adsorption and desorption27. The origin of this hysteresis will be discussed in the
following sections.
3.2.3 Estimation of the Surface Area: The BET-Model
We can estimate the total surface area of our sample from the mulitlayer branch of
the nitrogen sorption isotherm. The BET-Model for gas adsorption, which is de-
scribed in detail in Appendix B.1.1 yields an analytical expression for the adsorbed
volume as a function of the reduced vapor pressure. While this theory is strictly
spoken only applicable to planar surfaces it provides a well-fitting estimate for the
multilayer regime in mesopores up to reduced vapor pressures of approximately
p/p0 = 0.4
[58]. Rearranging the final BET-formula, equation B.6, we obtain the
following expression for the sorption isotherm:
27I. e. addition and removal of condensed particles.
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p/p0
(1− p/p0) ·N = a+ b
(
p
p0
)
. (3.2)
Here, N denotes the number of condensed molecules in the multilayer film. The
constants a and b are connected to the amount of substance needed for monolayer
coverage via Nmono = (a + b)
−1. Linear fitting of the multilayer branch yields a
and b and thus Nmono in units of moles. From the Avogadro number NA and the
surface area occupied by one nitrogen molecule28 AN2 = 16.2 A˚
2
the total pore area
of the sample follows as A = Nmono · NA · AN2 . Typical surface areas of SBA-15
range around 600 m2 per gram of powder.
3.2.4 Pore Size Distributions: The Saam and Cole Theory
of Sorption Isotherms
In 1974, Saam and Cole published a model describing the pressure-dependent
growth of a liquid helium layer on the inner walls of an infinite cylindrical pore[59],[60].
From a relatively simple consideration of the chemical potential inside and outside
of the film29, they relate the film’s curvature radius r with the reduced vapor pres-
sure p/p0 via the generalized Kelvin equation:
RT ln
(
p
p0
)
= U(r)− γlvvl
r
. (3.3)
The film thickness t is defined by the pore radius rp and the curvature radius r as
t = rp − r. R is the universial gas constant, T the temperature, γlv the surface
tension of the vapor-liquid interface, vl the molar volume of the liquid phase and
U(r) an arbitrary ad hoc potential reflecting the interaction between pore and
condensate. Saam and Cole assumed that the film-wall interaction was dominated
by Van-der-Waals forces and thus used the attractive part of a Lennard-Jones-
Potential as U(r):
U(r) ∝
∫
1
|~r − ~r′|6d
3r′ . (3.4)
28For the sake of simplicity, we assume a perfect hexagonal closed packing of the nitrogen
molecules.
29Which have to be equal in thermodynamic equilibrium.
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Figure 3.4: Left: Sketch of a liquid film (light gray) condensed on a solid pore (dark
gray) in thermodynamic equilibrium with a liquid bridge and the vapor phase (white).
The markings explain the various curvature radii r and film thicknesses t used in the
text. Picture according to [59] and [60]. Right: Hypothetical nitrogen sorption isotherm
for a perfect cylindrical pore with 3.3 nm radius. Both pictures are taken from [58].
Explicit integration of this U(r) in equation 3.3 in cylindrical geometry yields
a rather lengthy expression including several system-dependent parameters and
the hypergeometric function. The calculations of Saam and Cole are sketched
in Appendix B.1.3. Their result30 can be used to numerically calculate the film
thickness - and by extension the filling fraction - in a cylindrical pore as a function
of the reduced pressure, thus directly yielding the sorption isotherm in the mono-
and multilayer regime.
To account for the spontaneous formation of liquid bridges and the experimentally
observed hysteresis between adsorption and desorption, we have to consider the
thermodynamic stability limits of the film growth. The detailed considerations are
again presented in Appendix B.1.3. In short, it suffices to know that a simple ho-
mogenous film becomes energetically unfavorable - yet still metastable - compared
to the pore spanning liquid bridges above a metastable film thickness of tm. In the
absence of any phenomena nucleating these bridges, the film can still grow up to a
critical thickness tc at which it finally becomes unstable and bridge formation oc-
curs. The left panel of figure 3.4 illustrates this situation: a film with thickness tm
is shown in thermodynamic equilibrium with a completely filled pore segment. The
dark gray area represents the solid pore wall, while the light gray and white areas
symbolize the liquid and vapor phases, respectively. The critical film thickness is
indicated by the dashed lines. The right panel of figure 3.4 shows the nitrogen sorp-
tion isotherm of a hypothetical cylindrical mesopore with 3.3 nm radius calculated
with equation B.19. The initial part represents the mono- and multilayer growth
30Equation B.19.
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until the slope of the isotherm diverges at pA, i. e. the pressure at which the film
reaches the critical thickness. Since this marks a first order phase transition, the
pore instantaneously reaches complete filling31 upon any further pressure increase.
When decreasing the pressure again nothing happens until the pressure is lowered
beyond the point pD associated with the metastable film thickness. The filling frac-
tion instantaneously32 drops to the value fm on the multilayer branch associated
with pD. Below this point, the desorption is again described by the generalized
Kelvin equation.
Interpretation of the Experimental Sorption Isotherms
As shown in the previous section, the theory of Saam and Cole predicts discrete
adsorption and desorption pressures for cylindrical mesopores. Contrary to that,
the region of liquid bridge formation seems to be smeared out in experimental
sorption isotherms like the one figure 3.3. We can account for this if we assume a
Gaussian distribution of individual pore radii, rather than using one fixed radius.
Figure 3.5 shows the sorption isotherm already presented in figure 3.3. The green
dash-dotted line is the hypothetical isotherm from figure 3.4, while the black dashed
curve includes a Gaussian distribution of pore sizes33. It reproduces the experimen-
tal hysteresis loop rather well, but severely underestimates the multilayer region.
Recalling the apparent microporosity of our SBA-15 samples, we re-calculated the
isotherm using a bimodal pore size distribution using two Gaussian distribution,
one peaked at 1 nm and the other one peaked at 3.3 nm, and added a lower cut-off
of 0.5 nm to the pore sizes allowed in the calculation. This cut-off was chosen for
numerical reasons, but it is also reasonable to assume a physical cut-off for the
SBA-15’s microporosity: Since the micropores presumably stem from individual
hydrophilic polymer segments, no micropore should be smaller than the backbone
of the polymer chains34. The bimodal isotherm almost perfectly fits the data with
two exceptions: The bridge formation regime upon adsorption35 is shifted to lower
pressures compared to the calculated isotherm. Since the theoretical isotherm as-
sumes perfect cylindrical pores and the real pores can be expected to be at least
somewhat corrugated we can safely assume nucleation centers to trigger bridge for-
31Filling fraction f = 1.
32Again, this is a first order phase transition.
33We calculated 150 individual Saam and Cole isotherms, each with a different pore radius
but otherwise identical parameters. The final isotherm is a sum of these isotherms, weighted
according to a single Gaussian distribution and normalized to a filling fraction f = 1 at p/p0 = 1.
34The thickness chain backbone is appoximately 0.5 nm.
35Red triangles in figure 3.5.
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Figure 3.5: Evaluation of the isotherm from figure 3.3 according to the Saam and Cole
Theory. The triangles and circles represent the experimental data upon adsorption and
desorption, respectively. The dash-dotted line is the calculated isotherm from figure 3.4,
the dashed line is a modified isotherm assuming a Gaussian distribution of pore radii.
The solid curve is the final fit to the data using the bimodal pore size distribution shown
in the inset. The narrow peak at larger radii corresponds to the hexagonal mesopore array
while the broader peak reflects the highly irregular micropore structure. This figure is
taken from [61].
mation even at a film thickness below tc. Secondly, the further increase in filling
fraction above f = 1 is probably due to condensation in macroporous corrugations
of the external grain surface36.
In combination with the scanning electron micrographs and the SAXS data shown
in figure 3.2 we obtain the following picture of the SBA-15 pore structure: Straight,
parallel mesopores are hexagonally ordered in an array with a lattice constant
10.7 nm. The pore radii are Gaussian distributed around a mean value of 3.3 nm.
The main pores are surrounded by a mesoporous layer which can be described
by a broad distribution, cut off below 0.5 nm. It is noteworthy that the radius
distribution does not necessarily imply that the radius remains uniform within
36See the SEM images in figure 3.1.
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Figure 3.6: Nitrogen sorption isotherms for the samples discussed in section 3.2.1. The
panels show the isotherms for the SBA-15 2010 batch (upper left), SBA-15 2011 batch
(upper right), SBA-15 2012 batch (middle left), 2012 batch with cytochrome c adsorbed
from pure buffer (middle right), 2012 batch with cytochrome c adsorbed from 8 M urea
buffer (lower left) and 2012 batch with cytochrome c adsorbed from 8 M urea buffer with
high ionic strength (1 M NaCl)(lower right). Open circles denote data point from adsorp-
tion, while open triangles represent the desorption data. Theoretical isotherms according
to the SC-Theory are shown as red lines. The insets show the pore size distributions used
to calculate the SC-Isotherms.
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the individual pores. Recent data[56] rather suggest that the individual pores are
strongly corrugated and consist of short segments with different radii. In both
cases, the same pore size distribution would be expected.
In the experiments presented in this thesis, we use SBA-15 from three different
batches37. All batches were produced following the synthesis procedure described in
Appendix A.1. Nevertheless, small variations in the systhesis parameters may lead
to differences between the individual batches. To account for that, we performed
nitrogen sorption isotherms for each batch38. To complement the protein adsorption
data which will be discussed in sections 3.3 and 3.4, we also conducted nitrogen
sorption measurements on protein filled SBA-15 from the 2012 batch.
Figure 3.6 shows the isotherms for the three different empty SBA-15 powders along
with the isotherms for protein filled SBA-15. The protein was adsorbed to the silica
pores from three different solutions: A pure solution of folded cytochrome c, an
8 M urea solution containing unfolded cytochrome c and said urea solution with
1 M NaCl. We chose this strategy to check for differences in the protein adsorption
due to conformational changes and the ionic strength of the electrolyte. All three
cytochrome c adsorption measurements used pH 10 Buffer solutions39. This pH
value is close to the protein’s isoelectric point and should thus provide high pore
loadings. All isotherms have been fitted with the Saam and Cole model discussed
previously. The pore size distributions are shown as insets next to the isotherm
data.
Table 3.1 summarizes the results of the nitrogen sorption measurements. All three
samples seem to have a similar pore structure with a mesopore radius of 3.6 nm,
3.3 nm and 3.5 nm, respectively. The width of the mesopore’s Gaussian distribution
is identical in all three batches. All samples feature a pronounced microporosity
with broadly distributed pore sizes. The overall length of micropores surpasses
the mesopore length many times over, as can be seen from the meso-to-mirco ratio
shown in the table. The surface areas and pore volumes are virtually identical in all
samples with the exception of the 2011 batch, which exhibits a slightly enhanced
porosity.
37Labeled 2010, 2011 and 2012, according to their year of production.
38For more information on the sorption isotherm experiments, see Appendix A.2.
39We used the 10 mM low ionic strength buffer with pH 10 described in Appendix A.4. A
control measurement of the pure buffer yielded pH 9.72. Adding 8 M urea shifted the pH to 9.94.
Further adding of 1 M NaCl lowered the pH to 9.66. 29 mg SBA-15 have been mixed with 5.8 ml
pure protein solution, 45.8 mg SBA-15 were mixed with 9.16 ml protein solution containing urea
and 53.4 mg SBA-15 were immersed in 10.68 ml salinated cytochrome c solution containing urea.
The samples equilibrated at room temperature for five days under constant shaking with 160
rpm.
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batch 2010 2011 2012
Rmeso [nm] 3.6 3.3 3.5
σmeso [%] 6.5 6.5 6.5
Rmicro [nm] 0.7 0.75 0.7
σmicro [%] 50 78 50
meso-to-micro 1/12 1/8 1/15
ABET [m
2/g] 618.0 659.9 613.9
Vtotal [cm
3/g] 0.663 0.743 0.620
Vmeso [cm
3/g] 0.431 0.520 0.366
Ameso [m
2/g] 240 317 210
Table 3.1: Pore structure of the three different SBA-15 batches. The radii and
standard deviations of the pore size distribution’s two gauss peaks are given as
well as their relative area (used as weight in the compilation of the Saam and Cole
isotherms and inticated by the meso-to-micro ratio). The surface area ABET was
determined with equation 3.2 and the pore volume Vtotal followed directly from the
amount of nitrogen needed for complete pore filling. The mesopore volume Vmeso
and surface area Ameso were calculated from the bimodal pore size distributions.
Table 3.2 lists the influence of cytochrome c adsorption on the nitrogen sorption
data. The first thing which strikes the eye is a pronounced loss in microporosity.
This is quantitatively reflected in the meso-to-micro ratio. It drops from 1/15 in the
unfilled sample to roughly 1/2 in the presence of protein. Since the protein itself is
far too large to enter the micropores, we assume a simple blocking of the micropore
openings by cytochrome c attached to the mesopore surface. The micropores are
thus no longer accessible to the nitrogen.
A rather unexpected result is that the assumption of empty cylindrical pores still
yields excellent fits even when the pores are filled with proteins. Yet this strange
behavior is in accordance with studies by other researchers[62] who found a close
packing of globular proteins taking up the entire pore space40 while the nitrogen
isotherms still showed the same shape as in the empty pores. It seems as if the
concave meniscii of the liquid capillary bridges are unaffected by the presence of
the protein molecules.
During the calculation of the Saam and Cole isotherms, we assumed that the radius
of the mesopores did not change in the presence of the protein41. Nevertheless,
40But taking up only about half of the pore volume due to the voids between spheres in a
hexagonally closed packed structure fitted into a cylindrical tube.
41We confirmed the stiffness of SBA-15 by small angle x-ray scattering in a previous work[58].
The change in pore structure while desorbing water into the gas phase was rather marginal and
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meso-to-micro γsv ABET Vpore f
[10−5N/cm] [m2/g] [cm3/g] [%]
empty SBA-15 1/15 8.85 613.9 0.620 0
pure buffer 10/20 8.85 233.8 0.395 36.3
8 M urea 10/25 10.0 338.9 0.512 17.4
8 M urea & 1 M NaCl 10/25 8.0 368.1 0.636 -2.6
Table 3.2: Influence of protein adsorption on the nitrogen sorption data of SBA-
15 (2012 batch). The meso-to-micro ratio is strongly reduced upon cytochrome
c adsorption. Combined with a pronounced loss of apparent pore surface this
indicates a blocking of the micropores. The filling fractions f were calculated from
the pore volume compared with the empty sample. The apparent negative filling
fraction for the last sample is puzzling, but this rather small value might well be
within the measurement’s error margin.
we had to adjust the surface tension of nitrogen to secure the fitting between
the data and this assumption. This may be due to residual urea and salt in the
samples. Their presence may either alter the surface tension directly or change the
hygroscopicity of the pore surface. Since the samples containing cytochrome c were
not heated during the evacuation of the sample cell to avoid thermal denaturing
and calcination, at least some residual water should be present during the nitrogen
sorption. An altered hygroscopicity will cause different water layer thickness and
thus change the pore radius estimated from the sorption isotherms.
3.3 Experimental Section
Cytochrome c Adsorption to SBA-15 Unless stated otherwise, all protein
adsorption experiments were carried out according to the following procedure.
First, we filled Eppendorf Safe-Lock tubes with a small amount of SBA-15. The
mass of these SBA-15 samples (usually 4.0−9.0 mg) was measured with an analyt-
ical balance42. To provide for proper stirring during the experiment, we equipped
each tube with a small stirring bar. Prior to the insertion the bars were rinsed
with acetone and subsequently air-dried at 60◦C. To minimize the loss of sample
material, the tubes were centrifuged for a few seconds before we equipped them
with the cleansed stirring bars.
Cytochrome c solutions were prepared with the following concentrations: 2000 mg/l,
far below the resolution reached with the Saam and Cole fits.
42Sartorius type 1801, 110 g capability, 0.1 mg readability.
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Figure 3.7: Setup for the protein adsorption isotherms. (1) Swimming sample holder
with an array of 20 reaction tubes (Sarstedt SafeSeal micro tubes 1.5 ml or Eppendorf
Safe-Lock Tubes 1.5 ml), (2) VWR stirring bars 2 × 5 mm, (3) water bath, approximately
1200 ml, (4) IKA RCT basic safety control magnetic stirrer, (5) stirring bar, (6) Pt1000
temperature sensor (from IKA).
1500 mg/l, 1250 mg/l, 1000 mg/l, 750 mg/l, 500 mg/l, 375 mg/l, 250 mg/l, 125 mg/l
and 42 mg/l. For each concentration two tubes were filled with 200µl of protein
solution per 1 mg of SBA-15. To ensure a fine dispersion of the silica grains, the
samples were immersed into an ultrasonic bath for 10 minutes. We found that
the high urea content needed to unfold the proteins considerably altered the pH
value of the buffer solutions. Adding urea changed the initial pH values from
3.0, 6.0 and 9.0 to 4.42, 6.40 and 9.69, respectively. To ensure comparability
between the measurements of folded and unfolded cytochrome c, a new set of
buffers was prepared for the adsorption of the folded protein with pH 4.4, 6.4 and
9.7, respectively. The composition of the individual buffer solutions is described in
detail in Appendix A.4. To remove any impurities the buffer solutions were filtered
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pH 3.8 buffer pH 6.5 buffer pH 10 buffer
pure 3.86 6.61 10.0
1 M NaCl 3.2 5.44 9.46
8 M urea 3.96 6.99 9.8-10.0
urea & NaCl 3.7 6.09 9.66
Table 3.3: The pH values of pure buffers and buffers containing urea and NaCl, as
used in the ionic strength dependent measurements.
with disposable 0.8µl syringe filters prior to the adsorption experiments.
During the adsorption process, the samples were kept in a heated water bath at
31◦C43 for 5 days, which was found to be sufficient to reach the adsorption equi-
librium44. The bath itself as well as the samples were stirred at 350 rotations per
minute. The setup is sketched in figure 3.7.
After the adsorption, the sample tubes were centrifuged with a VWR Mini Star
silverline micro centrifuge at 6000 rpm for 5 minutes, which was enough for the
SBA-15 to sediment. We removed 100µl of the supernate solution and diluted it in
1900µl of an appropriate buffer. We transfered these diluted samples into dispos-
able spectrometer cuvettes45 and measured the residual supernate concentration
via UV-Vis spectroscopy46.
Ionic Strength Dependent Adsorption The dependency of the maximum
protein adsorption on the ionic strength of the buffer has been examined for both
the folded and the unfolded form of cytochrome c. Analogous to the adsorption
isotherms described above, we compared the different pH regimes: Acidic buffers
close to the SBA-15’s isoelectric point, alkaline buffers close to the protein’s pI and
near-neutral buffers, where both the protein and the silica are charged. We used
the 10 mM buffers described in Appendix A.4 to produce protein solutions with
a fixed concentration of 1 g/l. We adjusted the ionic strength of each sample by
mixing approriate amounts of pure and salinated buffers containing 1.11 M NaCl.
43We used an IKA RCT basic safety control magnetic stirrer to control the temperature of the
water bath (1000− 1250 ml). The stirrer was equipped with a Pt1000 temperature sensor which
was included in the delivery contents. The water bath was stirred at 350 rotations per minute and
a temperature setpoint of 28◦C was used. However, monitoring of the real water temperature
with a much more precise IKA ETS-D5 thermometer revealed an actual bath temperature of
30.8◦C to 31.0◦C.
44See Appendix A.5.
45Plastibrand PMMA 2.5 ml macro cuvettes, cat. no. 7591 05.
46Hitachi U-3501 spectrophotometer.
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The addition of urea and salt altered the initial pH values of the buffers. The
precise values are listed in table 3.3. Most of these changes are rather small and
are therefore considered negligible. There are, however, two exceptions: Both the
acidic and the near-neutral buffer experience quite substantial alterations of their
pH values when salinated in the absence of urea. The implications of these changes
will be discussed in section 3.5.
Apart from the different preparations of the solutions, the ionic strength dependent
measurements were carried out according to the same procedure as the adsorption
isotherms mentioned above.
Figure 3.8: Left: Absorbance spectra of cytochrome c in pure acidic buffer (red line)
and in 8 M urea acidic buffer (black line). As already stated in fig. 2.2 the Soret band
shows a pronounced blue-shift as well a an increase in absorbance upon adding urea.
Both spectra show ferric cytochrome c. The oxidation state can be confirmed by the Q
band region between 500 and 600 nm. Right: Spectra of ferrous and ferric cytochrome c.
While the spectrum of ferric cytochrome c is rather broad and flat in this region ferrous
cytochrome c shows two distinct peaks at 520 and 550 nm. The spectra were recorded
with a Hitachi U-3501 spectrophotometer at 1 nm resolution.
Concentration Measurement via UV-Vis Spectroscopy The supernate con-
centration after the adsorption was determined photometrically with a Hitachi
U-3501 spectrophotometer and disposable UV-Vis cuvettes47. According to the
Lambert-Beer law the intensity of a light beam traversing through a solution of
absorbing particles decreases exponentially with the path length l of the beam in
the sample. With the incident and transmitted intensities I0 and I, the particle
concentration c and the molar absorbtivity α this can be written as
I
I0
= e−α · c · l . (3.5)
47Plastibrand PMMA 2.5 ml macro cuvettes.
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The absorbance spectra of cytochrome c, i. e. the molar absorbtivity as a function
of the wavelength α = α(λ), are shown in figure 3.8. With known values48 of l
and α the concentration c can be readily calculated from the transmitted beam’s
intensity. As already discussed in chapter 2 we used the Soret band of cytochrome
c’s absorbance spectrum to simultaneously check the concentration and the con-
formational state of the protein. Additionally, we used the Q band49 region to
monitor the oxidation state of the protein50. As can be seen in the right hand
side of figure 3.8, reduction of the central iron ion induces a red-shift of the Soret
band51. Furthermore, two distinct peaks emerge in the Q band of the ferrous at
520 and 550 nm. This behavior was also reported by Oellerich et al.[10].
Prior to the adsorption measurements, we removed two aliquots from each of the
freshly prepared protein solutions. One of the aliquots was stored in a refrigerator
at +4◦C, while the other one was stored in the heated water bath during the adsorp-
tion process. Before measuring the supernate concentrations, we used the aliquots
as reference samples to calibrate the spectrometer. First, the cooled samples were
used to measure any deviations of the as-prepared solution’s concentration from
the desired value52. Since storing the samples at an elevated temperature for sev-
eral days might cause minor conformational changes and thus alterations of the
absorbance spectra53, the cooled and as-prepared samples were no suitable refer-
ence for the supernate concentration measurement. Therefore, we calibrated the
spectrometer with the aliquots stored in the water bath.
48All cuvettes used in our experiments had a fixed path length of l = 10 mm. The absorptivity
α was calibrated by linearly fitting the absorbance for a set of reference solutions of known protein
concentration.
49The region between 500 and 600 nm.
50Although data by Kraning et al.[19] suggests that the oxidation state plays only a minor role
in the adsorption behavior of folded cytochrome c it is of critical importance for the urea-induced
unfolding that the sample is in the ferric state.
51The reduction of the as-recieved, oxidized protein was achieved by aging a protein solution
at room temperature for several days. This does not necessarily imply that the entire bulk of
the protein was reduced. One should thus be cautious not to attribute the spectrum shown in
the right panel of figure 3.8 to the pure ferrous cytochrome c. It is far more likely to represent
a mixture of both oxidation states. Nevertheless, since our only goal here is to ensure a fully
oxidized sample, it is sufficient to note the absence of the Q band peaks while monitoring the
proteins oxidation state.
52The values listed on page 45.
53See [10] for on overview of the multitude of different conformations of the cytochrome c’s
heme pocket and the corresponding absorbance spectra.
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3.4 Results
Adsorption Isotherms The results of the protein adsorption experiments are
shown in figure 3.9. As stated earlier, the experiments were done at three different
pH values corresponding to three fundamentally disparate electrochemical condi-
tions. The red line and symbols correspond to a pH of 9.7, close to the isoelectric
point of the cytochrome c. The protein is virtually uncharged under these con-
ditions, while the silica exhibits strong negative surface charges. The green line
and symbols were measured under near-neutral conditions where both the protein
and the surface are charged with opposite signs, resulting in mutual attraction.
Finally, the blue lines and symbols represent the measurements near the SBA-15’s
isoelectric point. The protein has a strong positive overall charge at this pH, while
the surface is mostly neutral. The solid lines in the figure are Langmuir-type fits
defined by
nads(cs) =
n0 · α · cs
1 + αcs
. (3.6)
This equation relates the amount of adsorbed protein nads to the residual super-
nate concentration cs, using the amount of protein n0 needed to form a complete
monolayer covering the sample surface and an interaction parameter α54 as fit pa-
rameters. The theory behind Langmuir-type isotherms is outlined in Appendix
B.1.4. This type of isotherm is typical for the reversible formation of monolayers in
chemical equilibrium with a reservoir of unadsorbed particles. It is well-known in
academia that protein adsorption on mesoporous surfaces leads to Langmuir-type
binding55. The fit parameter values of the isotherms in figure 3.9 are listed in table
3.4.
For both folding states of cytochrome c the pore loadings56 decrease with decreas-
ing pH value. This decrease is quite moderate for unfolded cytochrome c but
severe for the native, folded type. While the native cytochrome c adsorbs up to
54Not to be confused with the previously used absorbance spectrum α(λ).
55Vinu et al.[33] reported Langmuir-type isotherms for cytochrome c on a SBA-15 sample quite
similar to the one used here. Their adsorption procedure and the following photometrical mea-
surement of the supernate concentration also strongly resemble our experiments. However, they
monitored the light absorbance at a fixed wavelength of 409 nm. This has the obvious shortcom-
ing that any change in the conformational or oxidation state of the protein will be mistakenly
interpreted as a change in supernate concentration.
56I. e. the amount of adsorbed protein.
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Figure 3.9: Cytochrome c adsorption isotherms for pure buffer (top panel) and for 8 M
urea buffer (bottom panel). Solid lines are Langmuir-type fits to the experimental data.
The fit parameters are listed in table 3.4. The isotherms were recorded at the following
pH-values: pH 4.4 (blue triangles), pH 6.4 (green circles) and pH 9.7 (red squares).
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n0 [µmol/g] ∆n0 [µmol/g] α [l/µmol] ∆α [l/µmol]
pH 4.4 nat 3.37 ± 0.40 0.023 ± 0.006
pH 4.4 denat 7.84 ± 0.56 0.036 ± 0.007
pH 6.4 nat 22.9 ± 7.4 0.25 ± 0.10
pH 6.4 nat* 19.2 ± 1.0 0.92 ± 0.18
pH 6.4 denat 9.00 ± 0.22 0.11 ± 0.01
pH 9.7 nat 25.9 ± 4.3 0.40 ± 0.19
pH 9.7 denat 12.8 ± 0.9 0.073 ± 0.014
Table 3.4: Fit parameters n0 and α of the Langmuir-type isotherms in figure 3.9
and their respective margins of error. Folded samples are marked as nat, unfolded
as denat.
*Fit without data point at supernate concentration 57µmol/g
25.9±4.3µmol per gram of SBA-15 near its pI and still up to 19.2±1.0µmol/g at
pH 6.4, the adsorption is almost negligible on the weakly charged surface at pH 4.4
with a mere 3.4±0.4µmol/g saturation value and a interaction parameter α =
0.023 ± 0.006 l/µmol, almost 20 times smaller as for the alkaline buffer. Unfolded
cytochrome c, on the other hand, seem less susceptible to changes in the buffer
pH. Both the saturation value of the pore loading and the interaction parameter
at pH 4.4 are still about half of the corresponding values at the protein’s pI.
To evaluate what percentage of the available pore space is actually occupied by ad-
sorbed molecules, the volume and surface of the mesopores57 were extracted from
the nitrogen sorption data and the calculated pore size distribution. The exper-
iments employed the 2011 batch SBA-15 which has a total mesopore volume of
Vmeso = 0.520 cm
3/g and a specific surface area Ameso = 317 m
2/g. The geomet-
rical dimensions of folded cytochrome c58 yield a volume of Vf = 14.4 nm
3 per
molecule. Assuming a hexagonal packing of the individual molecules in a surface-
covering monolayer, each protein takes up 11.2 nm2 of the surface area. A complete
and perfect monolayer would thus correspond to 1.48 · 10−11 mol/cm2, which is in
accordance with the literature59. With these data, the highest pore loading of our
experiments (25.9µmol/g) implies a packing density of 8.1 ·10−12 mol/cm2 taking
up 43% of the mesopore volume. This is only about half of the expected value, but
since the highly curved and probably corrugated pore surface is unlikely to allow
a perfect hexagonal protein assembly this deviation is within reasonable limits60.
57We assume that the proteins are far too large to large to enter the micropores. See [63], [45]
and chapter 4.1 of this thesis.
58We use the data of Hartmann et al.[2], i. e. 26× 32× 33 A˚3.
59Assuming different protein dimensions, Cheng et al.[64] calculated theoretical packing densi-
ties of 1.7 · 10−11 to 2.6 · 10−11 mol/cm2 depending on protein orientation.
60Planar surfaces exhibit much higher packing densities: Ranieri et al.[65] measured a surface
52
CHAPTER 3. IMMOBILIZATION OF FOLDED AND UNFOLDED
CYTOCHROME C INTO SBA-15
It is further possible that the protein experiences conformational changes upon
adsorption61 which increase the area that is occupied by each single molecule. Our
value for the percentage of the pore volume which is filled upon adsorption coin-
cides well with previous findings by Miyahara et al.[62]. They found that adsorption
of cytochrome c takes up approximately half the pore volume of SBA-15. Given
the respective radii of the protein and the pores, they calculate that a close pack-
ing of spherical molecules inside a cylinder takes up 48% of the available cylinder
volume. We therefore assume that in the case of adsorption of the native protein
at pH 9.7 the pores of our sample are completely stuffed with cytochrome c62. At
pH 6.4 the surface and volume packing densities are 6.4 ·10−12 mol/cm2 and 32%,
respectively. At pH 4.4, we observe a surface coverage of 1.06 ·10−12 mol/cm2 and
a volume packing density of 5.6%.
We obtain the respective values for the unfolded protein using the x-ray scatter-
ing data of Hsu et al.[13]. In 8 M urea solutions, each molecule has a volume of
Vu = 22 nm
3 and takes up 23.4 nm2 when adsorbed on a surface. The theoretical
monolayer would thus contain 7 · 10−12 mol/cm2. Again, the experimental data are
about half of this value. At pH 9.7 we observe a coverage 4.0 ·10−12 mol/cm2 and a
packing density of 33%. At pH 6.4 we observe 2.8 ·10−12 mol/cm2 and 23% packing
density while pH 4.4 yields 2.5 ·10−12 mol/cm2 and 20%, respectively.
Adsorption as Function of the Ionic Strength Figure 3.10 depicts the ad-
sorbed amount of cytochrome c as a function of the ionic strength. The data refer
to the actual number of proteins adsorbed from an 1 g/l solution and must not be
confused with the monolayer coverage n0 from the Langmuir-type fits. However,
1 g/l equals an initial concentration of approximately 80µmol/l. In the limit of
low adsorption where the initial and residual supernate concentration differ only
coverage of (1.85± 0.08) · 10−11 mol/cm2 for yeast cytochrome c unfolded in a 9 M urea solution
at pH 7 at 298 K immobilized on a gold electrode coated with a negatively charged self-assembled
monolayer. Kraning et al.[19] find that 1.8 · 10−11 mol/cm2 of reduced horse heart cytochrome
c adsorb on a fused silica prism at pH 7.2 in 7 mM phosphate buffer. Cheng et al.[64] report
(2.3 ± 0.2) · 10−11 mol/cm2 of cytochrome c on a hydrophilic fused silica sample at neutral pH
but only about 1.3 · 10−11 mol/cm2 on a hydrophobic surface. They also find that the angle Θ
between the porphyrin plane and the surface normal is 41◦ ± 2◦ for the folded and 20◦ ± 3◦ for
the unfolded protein. These values remain almost unchanged over a high range of pH values
(pH 3 − 9) and coincide for hydrophilic and hydrophobic sample surfaces. This indicates that
hydrophobic forces play no role in cytochrome c orientation.
61Cytochrome c undergoes a slight unfolding upon adsorption into mesoporous silica as moni-
tored by a loss in α-helical content[66].
62Small-angle x-ray data of myoglobin in SBA-15 and MCM-41 silicas further indicate that the
protein actually enters the pores[62].
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Figure 3.10: Equilibrium value of cytochrome c adsorption from a 1 g/l solution as a
function of ionic strength for pure buffer (top panel) and for 8 M urea buffer (bottom
panel). The three different pH-values examined are pH 10.0 (black squares), pH 6.5 (red
circles) and pH 3.8 (blue triangles).
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slightly this should be sufficient to ensure that the Langmuir isotherm is almost
saturated. It is therefore not too far-fetched to use the measured adsorbed amount
as an estimate of n0
63. The pH values differ slightly from the ones used before but
still correspond to the two distinct isoelectric points and the near-neutral condi-
tions. Black symbols show the measurements with pH 10 buffer, red symbols used
pH 6.5 buffer and the blue symbols correspond to pH 3.8 buffer. The folded protein
data for the alkaline buffer exhibit a maximum at an ionic strength 0.2 M/l and
a decrease to approximately 10µmol/g at 1 M/l NaCl. The data from the pH 6.5
buffer do not show this maximum but also a monotonic decrease to 7µmol/g at
0.4 M/l and become only weakly susceptible to further changes in the salinity. The
measurements using the acidic buffer showed a quite different behavior. Starting
at roughly 2µmol/g at low salt content, the adsorbed amout of protein increases
almost linearly to 5µmol/g at 1 M/l. The adsorbtion of unfolded cytochrome c is
much more strongly influenced by salinity. Adsorption from alkaline buffers de-
creases strongly until saturating at about 2.5µmol/g above 0.7 M/l NaCl. Ad-
sorption from near-neutral buffers even becomes almost negligible for 0.3 M/l and
higher. Again, the acidic buffers show a different behavior. Both for very high
and low salinities, the adsorption ranges around 2.0-2.5µmol/g, but undergoes a
minimum of approximately 1µmol/g at 0.4 M/l.
Multilayer Adsorption Experiments The experiments discussed above as-
sume that the adsorption corresponds to Langmuir-type isotherms, i. e. adsorption
saturates after complete monolayer coverage is reached. As shown in figure 3.9,
this is certainly true for equilibrium concentrations up to 75µmol/l or 925 mg/l.
Since this is orders of magnitude below the solubility limit of cytochrome c (more
than 100 g/l), the question arises whether the Langmuir-type interpretation is still
valid for higher concentrations. In this respect, it is particularly interesting to
check for multilayer adsorption. We did this by measuring additional isotherms
in near-neutral and alkaline buffers, both for folded and unfolded protein. The
experiments were virtually identical to the previously described adsorption mea-
surements, but employed higher initial concentrations (1000, 1750, 2500, 3500 and
5000 mg/l). The data are plotted in figure A.4 in Appendix A.6.
The results for the native, folded cytochrome c were somewhat ambiguous: For
pH 9.7, no deviation from Langmuir-type behavior was observed even for high-
63This is obviously not the case for folded cytochrome c in alkaline buffers at low ionic strength
were almost all protein is adsorbed to the pores. Complete adsorption out of a 1 g/l solution with
200µl per 1 mg of silica powder corresponds to a pore loading of 16.2µmol/g. This is considerably
below the n0 = 25.9µmol/g observed perviously. See discussion in section 3.5.
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est supernate concentration (300µmol/l). As opposed to this, folded cytochrome
c adsorption increased to 73±6µmol/g at 230µmol/l at pH 6.4 with Langmuir-type
behavior up to 75µmol/l (with n0 ≈ 20µmol/g). This indicates strong multilayer
growth exceeding the capacity of the mesopore volume64. We therefore assume that
multilayering occurs primarily on the external surface of the silica grains. This is
in accordance to literature: Multilayering up to 6-10 layers of cytochrome c on the
external surface of a mesoporous silica film has been observed[2],[67].
Adsorption of unfolded cytochrome c gives a somewhat different picture: For both
pH regimes a smooth increase in the adsorbed amount indicated a continous mulit-
layer growth similar to the nitrogen sorption discussed in section 3.2.2. For pH 9.7,
the pore loading increased from 15±1µmol/g at 50µmol/l to 28±1µmol/g at
244µmol/l. One single data point at 47±3µmol/g at 260µmol/l even exceeds
this multilayer branch. It is unclear whether this is a real effect or just a mere
measurement error. For pH 6.4, the pore loading increased from 6.7±2.5µmol/g
at 100µmol/l to 14.6±6µmol/g at 300µmol/l. However, while the multilayer-
ing is unambiguous for the alkaline buffer, the deviations from Langmuir-type at
near-neutral pH are still well within the error margin. Since the highest pore load-
ings65 for unfolded proteins are comparable to the monolayer capacity of the folded
samples66, the observed multilayer branch could very well stem from the actual
formation of a second protein layer inside the pores.
3.5 Discussion
Before discussing the results, it is necessary to give some thought to the accuracy
of the pH values. While the values of the bulk buffer solutions are generally well-
known and easy to measure, the situation near the silica surface is not that trivial.
The surface charges of the silica interact with the ions of the buffer solution, forming
a shielding layer which locally alters the electrochemical conditions. In their paper
from 2011, Hartvig et al.[38] calculate the local pH value in the distance x over the
surface. From the Gouy-Chapman theory about the ion concentration Ci,
Ci = Cbe
−ziFϕ(x)
RT (3.7)
64As discussed earlier, the present silica sample’s pores can take up approximately 26µmol/l.
65With exception of the single data point at 47±3µmol/g for the pH 9.7 buffer.
66Which corresponds to a complete filling of the pore space, see [62].
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with the bulk concentration Cb, the ion charge zi, the electrical potential ϕ(x) and
the Faraday constant F , they derive an expression for the pH value at the surface:
pHs = pHbulk + 0.434
Fϕs
RT
(3.8)
with the potential at the surface ϕs.
The changed electrochemical environment in the vincinity of the surface affects the
charge of amphiphilic interfacial amino acids and may thus cause the interaction
to be entirely different from what is expected of the bulk properties. One should
keep this in mind while using the electrostatic interaction model to interpret the
adsorption data.
Electrostatic Interpretation The adsorption behavior of cytochrome c is usu-
ally explained in terms of the simple electrostatic interaction model[2],[33]. The
highest pore loadings are achieved at or in the vicinity of the protein’s isoelectric
point. The molecules bind via patches of charged amino acid residues on the protein
surface interacting with the negative surface charge of the silica while the vanish-
ing overall protein charge at the isoelectric point supresses interprotein repulsion
and facilitates high packing densities. At pH values below the isoelectric point the
molecules bear a positive overall charge. While this enhances the protein-surface
interaction it also causes electrostatic repulsion between the individual molecules.
This leads to an increased interprotein distance and to smaller pore loadings. This
interpretation coincides well with our observations67. Additionally, we observe very
low pore loadings close to the porous silica’s pI. The surface is (almost) uncharged
at this pH value and the protein-surface interaction becomes negligible. At the same
time, the molecules are positively charged and experience strong repulsion. This
is not only reflected in the very small saturation value of the Langmuir isotherm
n0,pH=4.4 = 3.37µmol/g
68, but also in the severe decrease of the interaction param-
eter α, which drops by almost a factor of 20 from 0.40 ± 0.19 l/µmol at pH 9.7 to
0.023± 0.006 l/µmol at pH 4.4.
This picture also applies to the adsorption of the unfolded protein. Again, the
highest pore loading is observed at the protein’s pI, while the binding affinity is
rather low at pH 4.4. Note that although the pore loading itself has an intermediate
67See the red and green curves in the upper panel of figure 3.9.
68Which contains no direct information about the interaction strength. One could imagine
a very strong interaction to sparsely distributed binding sites. This would cause a Langmuir
isotherm which saturates quickly and with high α, but at low n0.
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value at pH 6.4, the interaction parameter α is considerably69 higher than at the
isoelectric point. This might reflect the higher affinity of the positively charged
molecules to the negatively charged surface, causing an early saturation of the
Langmuir isotherm, while the interprotein repulsion increases the distance between
the molecules and thus reduces the pore loading.
The maximum pore loadings of unfolded protein are approximately half the value of
the folded type. This fits well with the surface area occupied by a single molecule,
which increases from 11.2 nm2 to 23.4 nm2 upon unfolding.
There is, however, one puzzling point: The isotherm of unfolded cytochrome c in
the acidic buffer does not experience the severe drop in both its parameters com-
pared to the folded protein. Since the surface charge of the silica and the repulsion
between the molecules should be rather independent of the protein’s folding, elec-
trostatic interaction alone fails to explain this behavior. We found it plausible to
assume that other, short-ranged interactions like Van-der-Waals and hydrophobic
interactions70 cause this different behavior. At the silica’s pI they probably domi-
nate the protein binding due to the absence of electrostatic interaction. The folded
protein has a relatively rigid shape. While some data suggests small conformational
changes upon adsorption[66], these changes are rather minor. As a consequence, the
folded protein has a rather small contact area with the silica and can not exploit
short-ranged interactions very effectively. The unfolded protein, on the other hand,
has a much higher contact area with the silica and is probably rather flexible71. It
should therefore be much more capable to exploit the short-ranged interactions and
still be able to adsorb to a relatively high extend even in the absence of electrostatic
attraction.
To test this hypothesis, we examined the influence of the buffer’s salinity on the
protein adsorption. If it is true that the unfolded protein’s adsorption behavior
is influenced by Van-der-Waals forces and the folded protein’s behavior is solely
due to eletrostatic interaction, changes in the salinity should affect the unfolded
samples less than the folded ones. A single glance at figure 3.10 reveals that the
opposite is true: The adsorption of unfolded cytochrome c is highly susceptible to
changes in the ionic strength and becomes almost negliglible above 0.7 M/l NaCl.
Folded cytochrome c, on the other hand, adsorbs still quite well even at high
salinity, especially at the protein’s pI. Even if we neglect the VdW-interactions the
69The difference between the interaction parameters at both pH values is larger than their
mutual error margin.
70Although hydrophobic interactions will probably play no role on hydrophilic silica.
71We recall the research by Tanford et al.[7] which indicates that unfolded proteins behave like
random coiled polymers.
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observed behavior is rather puzzling. Upon increasing the ionic strength the Debye
length72 decreases. For the lowest salinities73 used in our experiments, the Debye
length is on the same length scale as the protein dimensions[41]. Thus, the overall
charge of the protein is likely to play a major role in the adsorption behavior.
With increasing ionic strength the Debye length becomes much smaller than the
diameter of the protein molecules. Consequently, only the charged patches at the
immediate surface should contribute to the protein binding. As discussed before,
folded cytochrome c has a more compact, globular structure. This causes a smaller
surface-to-volume ratio than for the unfolded protein or, in other words, folded
cytochrome c is likely to have many charged residues burried deep inside its teritary
structure which will be completely shielded at high ionic strength while unfolded
cytochrome c will have a high number of charged residues exposed on its surface.
Thus, even from a pure electrostatical point of view, we expect the unfolded protein
to be less susceptible to changing salinities. Obviously, the electrostatic approach
is insufficient to explain the adsorption behavior.
Counterion Release Interpretation Contrary to the simplified model of a
plate of uniform charge density surrounded by a counterion shielding layer74, a
protein molecule is neither a planar surface nor does it have a uniform charge
density. As shown for example in [68] the protein surface is composed of positively
and negatively charged patches of different size as well as polar and hydrophobic
regions. Nevertheless, the counterion release mechanism presented in section 3.1.4
and appendix B.3 can be used to explain protein adsorption to charged surfaces
simply by considering the local shielding of the charged surface patches. Becker et
al.[68] argue that counterion release is an effective mechanism as long as the ionic
strength of the bulk solution is smaller than the surface charge concentration of the
charged patches. As an example they mention β-lactoglobulin which has 5 charges
in a patch of 10 nm2, corresponding to an ion concentration75 of 0.3 M. Thus, any
attraction from counterion release should vanish for higher ionic strength. Of course
the exact values might be different for cytochrome c, but without precise knowledge
of the cytochrome’s surface charges at the various chemical conditions examined
we might still use the given example as a reasonable, semi-quantitative reference.
With this value in mind, we can interpret the data from figure 3.10. If we neglect
72I. e. the length after which an electrostatic potential is shielded by an ion layer to 1/e of its
initial value.
73I. e. the pure buffers with 10 mM ionic strength, corresponding to a Debye length of 3 nm.
74See appendix B.3.
75They assume that the shielding ions are confined within one Debye length from the surface.
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the data for the acidic buffers we notice the general trend of decreasing adsorp-
tion for increasing salinity. This decrease seems not very strong for folded protein
in the alkaline buffer. But note that the starting concentrations were too low
to saturate the adsorption, so the data might underestimate the true extent of
this decrease. Adsorption of folded cytochrome c at pH 6.5 strongly decreases for
low ionic strength and seems to saturate76 above 0.4 M. This coincides well with
the estimated ion concentration limit of Becker et al.. Any adsorption at higher
ionic strength is likely due to Van-der-Waals forces. Unfolded cytochrome c be-
haves quite similarly: The curve for pH 10 saturates somewhere between 0.5 M and
0.7 M while adsorption is merely over the detection limit for pH 6.5 above 0.2 M.
These data indicate that counterion release is indeed the driving mechanism be-
hind cytochrome c adsorption. It is still not quite clear why the unfolded samples
are so much more susceptible to salinity changes, but since the ion concentration
above which the counterion release is ineffective depends directly on the surface
patches, the different arrangement of the polypeptide chain in the two conforma-
tional changes might very well cause the different susceptibilities.
The very low pore loadings close to the silica’s isoelectric point can also be ex-
plained within the scope of this model. If the surface is virtually uncharged, then
there is simply no shielding layer and no counterions to release. Any adsorption at
this pH value can then be attributed to short-ranged interactions. In this respect,
it is interesting to take a look at the measured pore loadings at the highest salinity.
At this ion concentration, both the counterion release and any electrostatic con-
tributions should be supressed. Van-der-Waals interaction will not depend on the
proteins overall charge, therefore the differences between the data for different pH
values should decrease. This is indeed reflected in the data. The pore loadings for
unfolded cytochrome c in alkaline and acidic buffers are almost identical at high
ionic strength. Unfortunaltely, the curve at pH 6.5 lacks the data point at 1 M/l
NaCl. For folded protein, the data for acidic and near-neutral buffers coincide
above 0.7 M. Again, the pore loadings of folded cytochrome c are approximately
twice as large as for the unfolded sample, as expected from the respective molecules’
sizes.
However, there are still some features which the counterion release model fails to
account for. The high pore loadings of folded cytochrome c at pH 10 can only
be explained if we assume highly charged, small surface patches. The increase
of the pore loading for both conformational states in acidic buffers above 0.4 M
also remains unexplained. Concerning the data from figure 3.9, the absence of the
76This is somewhat ambiguous due to the data point at 0.9 M.
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sudden drop in unfolded protein pore loading at pH 4.4 is still unaccounted for and
the higher pore loadings at higher pH values can only be explained if we make the ad
hoc assumption that the charge density of the patches increases upon approaching
the isoelectric point. Not only would this assumption be overly tentative, it is also
highly counterintuitive given the fact that the overall charge of the protein vanishes
at the pI.
We therefore conclude that the counterion release mechanism alone is also insuffi-
cient to explain cytochrome c adsorption.
Complete Interpretation None of the simple models presented above is suf-
ficient to exclusively account for the observed protein adsorption behavior. The
driving force behind cytochrome c immobilization on silica is probably a rather
complex compilation of several interactions. We propose a comprehensive explana-
tion of the experimental data using electrostatic and counterion release interaction
as well as Van-der-Waals forces.
The electrostatic interaction can account for the high pore loadings close to the
proteins isoelectric point, which are rather puzzling if we concern only the coun-
terion release. It furthermore explains the small maximum of the ionic strength
dependent pore loading for folded cytochrome c at pH 10. Even though the adsorp-
tion is unsaturated for these samples, the maximum at 0.2 M NaCl is unambiguous
and indicates a higher binding affinity77. While residual interprotein repulsion will
probably play a role at very low ionic strength it is likely shielded at 0.2 M, facil-
itating a denser packing. A further rise in ionic strength will begin to shield the
charged patches and of course supress the contribution of the counterion release.
Both the counterion release and the electrostatic interaction will suffer from in-
creasing ionic strength. The first will do so due to a decreasing entropy gain while
the latter will simply be shielded by the solution’s high ion concentration. This
behavior is very well reflected in the ionic strength dependent measurements of
figure 3.10. The estimation of Becker et al.[68] that the counterion release mech-
anism should be ineffective at salinities above 0.3 M coincides well with our data,
as outlined above on page 59. It is still not quite clear why the unfolded protein
is more susceptible to salinity changes. But since the unfolded molecules have a
77Although it can not be excluded that this maximum is a mere measurement artefact. Accord-
ing to Hartvig et al.[38], the pH value close to the negatively charged surface is lower than in the
bulk. This means that the proteins in the vincinity of the surface are no longer at their isoelectric
point and adsorb less than expected. Increasing ionic strength might reduce the thickness of the
layer with altered pH and thus bring the effective pH experienced by the molecules closer to their
pI and increase the pore loading.
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much higher surface area it is not very far-fetched to assume that their charged
amino acid residues are distributed over a larger area. This would reduce the ion
concentration needed to shield the patches and - according to Becker et al. - reduce
the ionic strength at which the counterion release becomes effectless. This reduced
effectiveness of the counterion release might also be reflected in the Langmuir in-
teraction parameters α listed in table 3.4. With the exception of the native sample
at pH 4.4, the values for α at a given pH are considerably smaller for the unfolded
samples. Since α represents the interaction strength, this is consistent with the
assumption of a lowered charge density in the unfolded state.
At the silica’s isoelectric point both electrostatic and counterion release interaction
will cease to work. Any residual adsorption will therefore be dominated by Van-der-
Waals forces78. Unfolded cytochrome c has a higher surface area and is probably
more flexible than its native counterpart. This enables the protein to squeeze
tightly to the surface and exploit the Van-der-Waals interaction rather effectively.
It can therefore still adsorb quite well in the acidic buffers whereas the folded
protein exhibits a very low binding affinity (see figure 3.9).
The peculiar behavior of the ionic strength-dependent measurements for acidic
buffers is likely an artefact of the buffers used. The pH values of the different
buffer preparations are listed in table 3.3. While the pure buffer with pH 3.86 is
very close to the silica’s isoelectric point, adding 1 M NaCl severely reduces the
pH down to 3.2. Thus, increasing salinity will lower the buffer pH monotonically
below the silica’s pI. The pore surface will exhibit positive charges and allow for
electrostatic binding with negative patches on the protein, leading to the almost
linear pore loading increase oberserved for the blue data points in the upper panel
of figure 3.10. Additionally, higher salinities will enhance the pore loading by
shielding the interprotein repulsion. This behavior is slightly altered when urea is
added. Table 3.3 gives a pH of 3.96 for pure urea buffer. At this pH, the silica is
still slightly charged, allowing for some residual electrostatic binding. Adding 1 M
NaCl alters the pH to 3.7, which is below the silica’s pI. Again, a small amount of
surface charges will be present, although with different sign. At some salinity in
between, the pI will be met exactly, resulting in almost negligible binding.
A last aspect which remains unaccounted for is the high pore loading of folded
cytochrome c at high salinity close to its pI. The pore loading is still higher than
10µmol/g, about twice the value observed for the folded protein in the other buffers
and about four times that of the unfolded samples. Interprotein repulsion should
78We exclude hydrophobic interactions since silica is highly hydrophilic.
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be shielded anyway at this ionic strength, so the difference between the alkaline and
near-neutral measurements can not be explained within the scope of electrostatic
interaction. Van-der-Waals forces are not accountable for this, either, since they
are independent of the chemical conditions. And without precise knowledge of
the surface charge distribution under these very specific chemical conditions it is
impossible to rule out counterion release contributions.
We conclude that no single interaction mechanism alone dominates cytochrome
c adsorption on the SBA-15 mesoporous silica. Contributions of electrostatic inter-
action, counterion release and Van-der-Waals forces are evident in the experimental
data.
3.6 Conclusion
The adsorption of bovine heart cytochrome c to the mesoporous silica powder SBA-
15 has been studied for different folding states of the protein and for a set of different
chemical conditions. The adsorption of folded cytochrome c is usually explained
in literature by a simple electrostatic interaction model where the molecules bind
to the charged silica via charged amino acid residues on the protein’s surface. The
packing density is mainly defined by the repulsion between the individual protein
molecules which is defined by their overall net charge. By trying to extend this
model to the adsorption behavior of unfolded cytochrome c, we find that this
simple model fails to account for the complicated dependence of protein binding
on both the ionic strength and the pH of the buffer solution. We tried a different
approach using the so-called counterion release mechanism which readily explains
the differences between the two folding states. However, the counterion release can
not explain the residual adsorption observed for high ionic strength and the high
binding affinity at the protein’s isoelectric point. Only by combining electrostatic
interaction, counterion release and Van-der-Waals forces, we are able to fully79
elucidate the binding of cytochrome c to silica. Apparently, protein binding to
charged inorganic surfaces is caused by a complex interplay of different mechanisms.
79Admittedly, the cause of the high pore loading of folded cytochrome c at pH 10 still remains
unclear.
Chapter 4
Chromatography of Similar-Sized
Proteins
4.1 Motivation
The last chapter provided a comprehensive study of the adsorption behavior of one
single protein in different conformational states. In this chapter we will now focus
on selective adsorption of different proteins from binary mixtures1.
The separation of a single protein type from a mixture containing a multitude of
different biomolecules is of great importance for science as well as for technical
applications2. Three prominent ways to facilitate such a fractionation are dialysis,
filtration3 and chromatography4. While adsorption of proteins does not play a role
in dialysis5 it can be exploited to customize filtration applications[6] and is the
fundamental principle behind chromatography.
A trivial way to separate a protein mixture is mere size-selectivity. When the
pores of a filtering membrane are too small for one protein type to enter but large
enough for a second to pass, forcing the solution to flow through the membrane
will restrain the larger type. Electrostatic exclusion from the membrane is another
means of filtration and can be used to separate two protein types of similar size
but different net charge. A combination of size-selective filtration and adsorption
1I. e. a buffer solution containing two different types of proteins.
2E. g. the fractionation of biological fluids like blood into their respective components.
3Filtration, in contrast to dialysis, employs a flow of the solvent through a filtering membrane
which is impermeable for the solved particles which are restrained in on the cis-side.
4Chromatography is the separation of a mixture in a mobile and an immobile phase. Speaking
of mixed protein solutions, this corresponds to the immobilization i. e. binding of one type of
protein to an adsorbing surface while the other proteins remain in solution.
5Except perhaps transient adsorption. See sections 2.4 and 2.5.
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was published by Causserand et al.[6] in 2001. They separated a binary mixture
of bovine hemoglobin and bovine serum albumin by adding montmorillonite mi-
croparticles6 to the cis-side of an ultrafiltration setup. The two proteins have
almost identical molecular weight but differ strongly in their net charge7. They
conducted the experiments for two pH values, pH 4.8 and pH 7, corresponding to
the isoelectric points of BSA and hemoglobin, respectively. At neutral pH only
hemoglobin adsorbed to the particles while both proteins adsorbed in the more
acidic buffer8. Since the clay particles were too large to pass the membrane, the
bound hemoglobin was separated at pH 7 while the BSA stayed in solution and
passed the membrane.
Simple size-selectivity can also be used in chromatography and is well-known in
literature. Katiyar et al. published several studies on the adsorption of BSA and
lysozyme on SBA-15[63] and MCM-41[45] and demonstrated the successful size-
selective separation of a binary protein mixture[4]. These studies show that the
pores of the sorbent have to be slightly larger than the hydrodynamic radius of
the protein to ensure adsorption. Of course the effectiveness of the size-selectivity
is limited by the ratio of external surface to internal pore surface. Yet mere size-
exclusion is not the only factor determining the selective adsorption from multi-
component solutions. As demonstrated by Fujii et al.[5], both the pore size and
the protein-surface interaction play a crucial role when using porous sorbents for
chromatographical purposes9.
In this chapter, we use the previously described SBA-15 silica to separate binary
mixtures of lysozyme, cytochrome c and myoglobin10. We chose these three proteins
because of their similarity size while having different electrochemical properties11.
All proteins have similar hydrodynamic radii and fit comfortably into the SBA-15
pores, so size-selectivity is unlikely to play any role. Backed up by literature and
the findings of chapter 3 we can assume that the adsorption of native proteins
in low ionic strength solutions is dominated by the electrostatical interaction12.
Thus, the study of these three proteins should facilitate insight into the role of the
protein-surface interaction in selective adsorption from mixed protein solutions and
6Clay.
7As already discussed in section 2.5.
8Note that these were non-porous particles. The high surface area resulted from the small grain
size of the clay. Interestingly, the total amount of adsorbed molecules exceeded the estimated
monolayer coverage at pH 7 by approximately 40%.
9Fujii separated BSA and β2-MG using different types of hydroxyapatite.
10Initially, we also chose κ-casein which turned out to be unsuitable for our experiments.
11Molecular weights 14.3 kDa, 12.3 kDa, 17.6 kDa and isoelectric points pH 11.3, pH 10.5 and
pH 7.3, respectively.
12And, by extension, the entropy-driven counterion interaction.
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give outlooks for customized chromatographical applications.
4.2 Materials
All adsorption experiments used the 2012 batch SBA-15 presented in section 3.2.1
and the 10 mM buffer solutions listed in appendix A.4. Four different proteins,
namely lyozyme, cytochrome c, myoglobin and κ-casein were purchased from Sigma
Aldrich. They are described in detail in appendix A.3. These four proteins are com-
parable in size, fitting well inside the SBA-15 pores, but differ in their respective
isoelectric points. Myoglobin is an almost neutral protein with a pI of pH 7.3,
while lysozyme and cytochrome c are positively charged in neutral solutions. The
pI of κ-casein lies in the slightly acidic regime with its exact value depending on
the subspecies of the protein[69]. The mass and pI values are listed in table 4.1.
With these values in mind, we chose a set of seven different buffers suitable for
our experiments. The buffers with pH 10.6, 7.3 and 3.8 were chosen to meet the
isoelectric points of cytochrome c, myoglobin and SBA-15, respectively. Since the
precise pI of κ-casein was not known, we prepared two buffers according to the
lower and upper boundary of the region were we expect to find the protein’s iso-
electric point, i. e. pH 4.5 and 6. These values simultaneously serve as intermediate
between the pIs of SBA-15, κ-casein and myoglobin. The buffer at pH 8.5 provided
and intermediate between the myoglobin’s and the cytochrome c’s respective pIs.
Finally, we chose a buffer at pH 3. At this very low pH value, both the proteins
and the silica bear positive charges.
lysozyme cytochrome c myoglobin κ-casein
mass [kDa] 14.3 12.3 17.6 19.0
pI 11.35 10.0-10.5 7.3 4.47-5.81
Table 4.1: Mass and isoelectric point of the four different proteins used in this
chapter. The data for lysozyme, cytochrome c and myoglobin were taken from the
manufacturer’s product description. The values for κ-casein were taken from [69].
4.3 Experimental Section
As in the previous chapters, the protein concentrations were determined photomet-
rically. UV-Vis absorbance spectra were recorded with an Ocean Optics USB2000-
UV-VIS-ES spectrometer and a DT-MINI-2-GS UV-VIS-NIR light-source. The
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Figure 4.1: Reference spectra of the four different proteins used in this chapter at
different pH. The individual spectra are shifted with a vertical offset for better visibility.
Top left: Lysozyme. Top right: Cytochrome c. The samples are at least partially reduced
for the two highest pH values, as can be seen from the distinct peaks in the Q band. The
sample at pH 4.5 is still oxidized, but a considerable fraction exhibits a high-spin state
of the heme group, causing a blue-shift of the Soret band. Bottom left: Myoglobin. The
spectra for pH 3.8 and 4.5 indicate a conformational change, at least in the ligation of the
iron ion. Lower right: κ-casein. The spectra for pH 7.3 and 6 show a strong continuous
background signal. This is caused by micellar protein condensates (see text). κ-casein
could not be dissolved in buffers of lower pH.
lightsource used a deuterium and a halogen bulb to provide a continous spec-
trum ranging from 200 to 850 nm. The spectrometer and the lightsource were
connected to a cuvette holder via appropriate fiber optics. Disposable semi-micro
UV-cuvettes13 held the sample aliquots during the photometrical analysis.
The heme proteins14 can be detected by their characteristic Soret band as discussed
in the previous chapters. Lysozyme and κ-casein lack this absorbance in the vis-
ible part of the spectrum. We measured the concentration of these two proteins
using the UV absorbance common to all proteins[11]. Double bonds in the amino
acid carbonyl groups absorb light at 220 nm while the amino acids tyrosine and
13From Brand, cat. no. 7591 50.
14Cytochrome c and myoglobin.
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tryptophan cause absorbance at 280 nm.
For each buffer a 1 g/l solution of each protein was prepared and used as reference
for the determination of the supernate concentration. Adsorption experiments were
carried out with single-protein solutions of 1 g/l as well as with binary solutions
containing two different proteins at 1 g/l each. The preparation of the samples and
the adsorption equilibration were conducted according to the procedure described
in section 3.3. The most striking difference to those measurements was the way
we evaluated the supernate absorbance spectra. Since we deal with mixtures of
different absorbing proteins, evaluation at a single wavelength might yield the total
protein concentration15 but not the respective fractions of the different proteins.
We therefore used the reference spectra α(λ) of the 1 g/l solutions and calculated
the residual protein concentrations after the adsorption by performing a multiple
linear regression16 of the supernate spectrum αS(λ)
αS(λ) = c1 · αA(λ) + c2 · αB(λ) . (4.1)
Here, αA and αB are the respective reference spectra of the mixtures’ two compo-
nents and the constants c1 and c2 their concentrations in units of gram per liter.
The reference spectra of the four proteins at different pH values are shown in figure
4.1. The upper left panel shows the spectra for lysozyme. Lysozyme is known
to be a very rigid and stable molecule. This is well-reflected in the data which
show no apparent sign of structural changes except for the highest pH value. The
cytochrome c data are shown in the upper right panel. Above pH 8.5 the distinct
peaks in the Q band region between 500 and 550 nm indicate a change in the
protein’s oxidation state from ferric to ferrous. However, since we focus on folded
protein exclusively, this transition should not affect our experiments17. Cytochrome
c appears to be stable for all pH values. The broadening and blue-shift of the Soret
band of the pH 4.5 sample indicates a transition of the central iron ion from a low-
spin to a high-spin state and is not a sign of a larger structural change[10]. The panel
on the lower left side depicts the data for myoglobin. The Soret peak of myoglobin
exhibits a broadening for both high and low pH values. Nevertheless, we used these
spectra to calculate the supernate concentration according to equation 4.1. Finally,
the spectra for κ-casein are shown in the lower right panel. κ-casein dissolved well
15If both proteins absorb identically at the considered wavelength.
16With OriginPro 8.1G SR1.
17Kraning et al.[19] reported that the oxidation state has no significant influence on the adorp-
tion behavior of folded cytochrome c.
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in the pH 8.5 and 10.6 buffers, yielding a stable solution. For lower pH values, the
spectra show a strong background signal, indicating light scattering at geometrical
structures much larger than single proteins. The solutions appear milky18 to the
eye. Centrifuging removed a yellowish precipitate, leaving the supernate almost
devoid of protein. We conclude that κ-casein formed large micellar structures at
these pH values. For even lower pH values, we failed to dissolve the protein in the
first place. We therefore rejected κ-casein as a model protein for our experiments
and focused solely on lysozyme, cytochrome c and myoglobin.
To estimate the maximum pore loading of the different proteins at the examined pH
values, we mixed SBA-15 samples with solutions containing 2 g/l of the respective
protein. Based on the findings of chapter 3 we assume that this initial concentration
is sufficient to estimate the saturation value of the Langmuir-type isotherms. The
adsorption equilibration was carried out in the usual manner.
4.4 Results
Figure 4.2 shows the estimates of the maximum pore loading as a function of the
buffer pH. The black squares represent the lysozyme data, while the red circles and
blue triangles denote cytochrome c and myoglobin, respectively. Neither protein
showed any adsorption at pH 3 where both the surface and the molecules carry
postive charges. The pH 3 buffer is therefore neglected for the following measure-
ments. The maximum of lysozyme adsorption is beyond the scope of the pH values
investigated, as is its isoelectric point. Both cytochrome c and myoglobin exhibit
clear maxima considerably below their isoelectric points19. Myoglobin still shows
a non-neglectable pore loading even in the most alkaline buffers used here, even
though one would expect strong electrostatic repulsion between the protein and
the surface which are both negatively charged in these buffers20. The bigger size of
the myoglobin molecule causes a lower maximum value for the pore loading when
compared to cytochrome c21.
Figure 4.3 shows the amount of lysozyme adsorbed to the SBA-15 from single
component and binary mixtures. The black bars represent the amount adsorbed
18Hardly surprising. κ-casein is in fact crucial to the emulsification of milk.
19The pI of myoglobin is marked by the vertical dotted blue line in figure 4.2. The respective
value for cytochrome c corresponds to the red dotted line.
20Note that this behavior contradicts the findings of Katiyar et al.[63] who found a strong
decrease of myoglobin pore loading in SBA-15 above the isoelectric point.
21The ratio of the maximum pore loadings is approximately 0.6, close to the ratio of the molecule
masses 12.3 kDa17.6 kDa ≈ 0.7.
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Figure 4.2: Maximum adsorption capacity of SBA-15 for lysozyme (black squares), cy-
tochrome c (red circles) and myoglobin (blue triangles) for different pH values in 10 mM
buffer solutions. The adsorption of myoglobin has a maximum around pH 6, while cy-
tochrome c has its maximum adsorption around pH 7.3. These values are considerably
below the respective isoelectric points (blue dotted line for myoglobin and red dotted line
for cytochrome c). The adsorption of lysozyme (isoelectric point pH 11.35) increases with
increasing pH value. Its maximum is supposed to be at even more alkaline conditions.
The adsorption capacity has the same order of magnitude (10-20µmol/g) for all the three
proteins used here. Note that both myoglobin and cytochrome c adsorb well even above
their pI.
from the pure lysozyme solution. The light gray, horizontally dashed bars show
the amount of lysozyme adsorbed from a binary mixture also containing the same
amount22 of cytochrome c. Analogous to this, the dark gray bars with the tilted
dashes show the adsorbed amount in the presence of myoglobin. Lysozyme adsorp-
tion is almost unaltered by the presence of other proteins at pH 10.6. For lower pH
buffers, lysozyme gets more and more displaced by the other proteins. At pH 4.5
it does not adsorb at all when competing with myoglobin but still adsorbs quite
well from the single component solutions. This trend is surprisingly reversed at the
silica’s pI, where the presence of myoglobin actually increases the pore loading of
22Referring to the mass, not the molarity.
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Figure 4.3: Amount of lysozyme adorbed into SBA-15 for different pH values. The
black bars show the adsorption from a pure lysozyme solution at 1 g/l, while the gray
bars represent the amount of lysozyme adsorbed from binary mixtures with cytochrome
c (light gray, horizontally dashed) and myoglobin (gray, tilted dashed), respectively.
Binary mixtures contained 1 g/l of each protein. While the adsorption of lysozyme is
hardly influenced by the other proteins at pH 10.6, lysozyme gets increasingly displaced
with increasing acidity. At pH 4.5, no lysozyme adsorbs in the presence of myoglobin,
while it still adsorbs considerably in absence of other proteins. Further lowering of the
pH value seems to reverse this trend. At pH 3.8 lysozyme adsorbs even better in the
presence of myoglobin as compared to the single protein solution.
lysozyme.
Figure 4.4 shows the amount of cytochrome c adsorbed to SBA-15. As in figure
4.3, the black bars represent the adsorption from single protein solutions while the
gray bars correspond to adsorption from binary mixtures. At pH 10.6, cytochrome
c adsorption is only slightly altered by the presence of lyozyme and not affected at
all by the presence of myoglobin. Like lysozyme, cytochrome c gets increasingly
displaced for lower pH values, although at least some residual adsorption is observed
for all buffers. The presence of lysozyme seems to enhance cytochrome c binding
at pH 4.5 and the presence of other proteins seems to be necessary to facilitate any
adsorption at all at pH 3.8. However, these effects are rather small and might be
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Figure 4.4: Amount of cytochrome c adorbed into SBA-15 for different pH values. The
black bars show the adsorption from a pure cytochrome c solution at 1 g/l, while the gray
bars represent the amount of cytochrome c adsorbed from binary mixtures with lysozyme
(light gray, checkered) and myoglobin (gray, tilted dashed), respectively. Binary mixtures
contained 1 g/l of each protein. Compared to the adsorption from single protein solutions,
cytochrome c gets considerably displaced by lysozyme for intermediate pH values and
by myoglobin for acidic pH values. At pH 3.8 the presence of other proteins seems to
increase cytochrome c adsorption which did not bind at all to the SBA-15 from a single
protein solution at this pH.
within the measurement error.
Analogous to the discussion above, figure 4.5 shows the pore loadings for myoglobin.
While we obeserve a considerable pore loading at pH 10.6 adsorbed from the single
protein solution, myoglobin binding is completely inhibited in the presence of both
cytochrome c or lysozyme. Even at pH 8.5, the other proteins largely displace the
myoglobin from the silica pores. This displacement becomes less pronounced in the
lower pH buffers until pH 4.5, where no effect at all was observed23. The data for
pH 3.8 show a peculiar behavior: While the presence of cytochrome c has almost
no influence on myoglobin binding, lysozyme completely supresses any adsorption.
23Within the detection limit, all myoglobin adsorbed to the SBA-15 for the single protein
solution and the two binary mixtures.
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Figure 4.5: Amount of myoglobin adorbed into SBA-15 for different pH values. The
black bars show the adsorption from a pure myoglobin solution at 1 g/l, while the gray
bars represent the amount of myoglobin adsorbed from binary mixtures with lysozyme
(light gray, checkered) and cytochrome c (gray, horizontally dashed), respectively. Binary
mixtures contained 1 g/l of each protein. The adsorption of myoglobin from binary
mixtures is almost completely suppressed at pH 8.5 and 10.6 and still strongly hindered
in near-neutral buffers. No influence of other proteins was found for pH 4.5: All myoglobin
bound to the silica surface for all three experiments. At pH 3.8 it is again completely
displaced by lysozyme, while cytochrome c hardly influences the adsorption.
4.5 Discussion
The pore loading estimates from figure 4.2 fit the well-known fact that protein
adsorption is generally favored in the vincinity of the molecule’s isoelectric point24,
although the maximal pore loadings occured at pH values slightly lower than ex-
pected. However, as highlighted by Hartvig et al.[38] the precise pH value close
to the surface might differ from that of the bulk solution. The considerable pore
loadings for myoglobin even at pH 10.6 can be interpreted in terms of both the
electrostatic and the counterion release model: In the first case, positively charged
amino acid residues on the molecule’s surface facilitate binding to the negatively
24See chapter 3.
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Figure 4.6: Proteins adsorbed to SBA-15 from a binary mixture of cytochrome c and
lysozyme for different pH values. With the execption of the lowest pH value the total
amount of adsorbed molecules is more or less evenly distributed to both proteins.
charged surface even though the overall charge of the protein bears the same charge
sign as the silica. In the latter case, the release of counterions from the positively
charged patches gives rise to an entropic force, while the negative patches and the
overall protein charge are shielded from electrostatic repulsion by their own clouds
of positive ions.
The initial motivation for the experiments of this chapter was to evaluate whether
the electrochemical properties of proteins can be exploited for chromatography,
i. e. the fractionation of a mixture containing different types of proteins into its
individual components. The data shown in the previous section already indicate
that certain proteins are displaced from the pore space by other proteins competing
for binding sites on the silica. The suitability for protein separation becomes clear
if we plot the data in a different fashion.
The bar graph in figure 4.6 shows the resulting pore loadings from competitive
adsorption from a binary mixture of cytochrome c and lysozyme. The overall
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Figure 4.7: Proteins adsorbed to SBA-15 from a binary mixture of myoglobin and
cytochrome c for different pH values. A mixture of both proteins was adsorbed for all
pH values, but with an increasing cytochrome c to myoglobin ratio for decreasing acidity.
height of the bar denotes the total amount of protein bound to the SBA-15 sample,
while the differently dashed segments represent the shares that can be attributed
to the different proteins involved. In this graph, the horizontally dashed segments
represent the bound cytochrome c. The checkered bar denotes adsorbed lysozyme.
Both proteins attribute to roughly one half of the total pore loading at pH 10.6,
while cytochrome c adsorption is slightly prevalent at lower pH values25. Both
proteins adsorb in mutual presence for all pH values and we do not observe any
effective fractionation of the binary mixture. This is hardly surprising since both
molecules are of similar size and rather comparable in their isoelectric points.
We observe a different behavior for a mixture containing cytochrome c and myo-
globin. As shown in figure 4.7, there is a prevalence of myoglobin binding for
pH 3.8, 4.5 and 6.0. This region is far from the cytochrome’s isoelectric point
and we expect to find a rather low binding affinity. Myoglobin, on the other hand,
25With the exception of pH 3.8, where lysozyme amounts for most of the pore filling.
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Figure 4.8: Proteins adsorbed to SBA-15 from a binary mixture of myoglobin and
lysozyme for different pH values. At pH 4.5 only myoglobin is adsorbed to the meso-
porous silica, while at pH 10.6 exclusive immobilisation of lysozyme was observed. At
intermediate pH values, a mixture of both proteins was adsorbed with decreasing myo-
globin to lysozyme ratio for increasing pH. Surprisingly, only lysozyme was adsorbed at
the lowest pH 3.8.
is much closer to its pI. It experiences a higher affinity to the surface than the
cytochrome c and shows a much higher adsorption. This trend is inversed above
the myoglobin’s pI. While the residual interaction is still high enough to cause
adsorption from a single component solution, the myoglobin molecules now bear
a negative overall charge which reduces their binding affinity to the silica. It now
loses the competition for adsorption sites to the still positively charged cytochrome
c. A small amount of myoglobin still binds at pH 8.5, but at pH 10.6 cytochrome
c completely displaces its competitor. A closer look at the data reveals that not
only is their no myoglobin bound to the silica particles, the observed pore loading
corresponds to the entire amount of cytochrome c present in the initial solution,
rendering the supernate devoid of this protein. An effective chromatography should
be feasible at this pH value.
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This becomes even more pronounced when comparing myoglobin with lysozyme.
The data for their competitive adsorption are shown in figure 4.8. We find exclu-
sive binding of lysozyme at pH 10.6 with more than 85% of the entire lysozyme
immobilized in the silica pores and exclusive and complete binding of myoglobin
at pH 4.5. The buffers at intermediate pH values show a smooth transition be-
tween these extremes. Surprisingly, we find a complete inversion of this behavior
at pH 3.8. About 45% of the lysozyme adsorbes to the SBA-15 while myoglobin is
again completely displaced.
The data highlight the paramount importance of the protein’s isoelectric point
and thus the electrostatic interaction26 for adsorption of native, folded proteins at
relatively low ionic strength27. Adsorption is strongly favored close to the point
where the protein’s net charge vanishes. So strongly, in fact, that under certain
circumstances the uncharged type can even fully displace its charged competitors,
even though they would adsorb quite well in the absence of the neutral protein.
The sudden displacement of myoglobin by lysozyme at pH 3.8 is somewhat puzzling.
The electroneutrality of the silica at these chemical conditions readily explains a
smaller affinity of the myoglobin to the surface. This should, however, also apply
for lysozyme whose strong positive charge should cause a considerable repulsion
between the molecules and thus inhibit any considerable adsorption. It seems
plausible to assume that local alterations of the pH near the silica surface28 might
render the environment inside the pores so acidic that the myoglobin structure
becomes unstable29, resulting in unpredictable changes of the adsorption behavior.
Yet, a sound interpretation of this behavior is clearly beyond the scope of this
experiments and needs further investigation.
4.6 Conclusion
We studied the competitive adsorption of lysozyme, myoglobin and cytochrome c to
the mesoporous silica SBA-15 for a range of different pH values. Protein adsorption
appears to be favored in the vincinity of the protein’s respective isoelectric point.
Myoglobin and lysozyme, which differ strongly in their isoelectric points, can be
effectively separated from a binary mixture if the buffer pH favors the adsorption
26Although the influence of the counterion release interaction can not be excluded without
precise knowledge of the charge distribution on the protein surface. See the discussion of chapter
3.
27Where the Debye length is on the same scale as the protein diameter.
28As discussed in chapter 3 based upon the calculations published in [38].
29A justified assumption, given the absorbance spectra of myoglobin in figure 4.1.
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of only one of the components. The type with the higher binding affinity adsorbs
to the silica and replaces the one with lower binding affinity, even though the latter
would adsorb quite considerable from a single component mixture devoid of the
strongly binding protein. This separation was not observed for cytochrome c and
lysozyme, which are very similar in their pIs.
Given the findings of chapter 3, we conclude that while other mechanisms certainly
play a non-neglectable role, the pH-dependent separation of proteins with different
isoelectric points clearly highlights the paramount importance of the electrostatic
interaction for the adsorption of native proteins in low ionic strength solutions. We
further propose that the effect demonstrated in this chapter might be exploited as
a simple and effective means to fractionate complex protein mixtures, maybe even
on an industrial scale30.
30Especially since mesoporous silica is rather easy and cheap to produce on a large scale, see
appendix A.1.
Chapter 5
Conclusion
The diffusion behaviour of native and urea-unfolded cytochrome c has been stud-
ied in the first part of this thesis. The protein’s diffusion through a macroporous
aluminum oxide membrane with a rather well-defined pore geometry was moni-
tored photometrically, using the light absorbance of the cytochrome’s heme group.
From the Stokes-Einstein equation, we expect the diffusion coefficient to be pro-
portional to the inverse of the protein’s hydrodynamical radius. This could not
be confirmed for alkaline and near-neutral buffer solutions. However, for acidic
buffers the experiments quantitatively reproduced the radius of the cytochrome’s
acid-unfolded form. Reference measurements with gold nanoparticles corrected for
the influence of the buffer’s viscosity. Using these finding, we attempted to sep-
arate a binary mixture of albumin and hemoglobin solely based on their different
geometrical shape at pH 3.8. The results were unsatisfying and ambiguous, yet did
not directly contradict our expectations. Further work is clearly needed to fully
elucidate this point.
The second part of this thesis focuses on the adsorption behaviour of native and
unfolded cytochrome c on the internal pore surface of the mesoporous silica material
SBA-15. The adsorption was found to follow the Langmuir theory of monolayer
adsorption1. We measured adsorption isotherms for both folding states in three
different pH regimes and estimated the maximum pore loading in these regimes
for a set of different buffer salinities. Our data unambiguously demonstrate the
shortcomings of the two models most commonly used to describe protein-surface
binding, namely the electrostatic interaction and the counterion release mechanism.
We propose a combined description of protein adsorption which includes both the
1At least for sufficiently low protein solutions. Indications of multilayering were found for
unfolded cytochrome c at high supernate concentrations.
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electrostatic and the counterion release interaction as well as Van-der-Waals forces.
The study of protein adsorption from binary mixtures constitutes the third part of
this thesis. Competitive adsorption of lysozyme, cytochrome c and myoglobin from
binary mixtures into SBA-15 was examined over a wide pH range (from pH 3 to
10.6). All three proteins are comparable in their size, but differ in their respective
isoelectric points. While the difference in the lysozyme’s and the cytochrome c’s
pI is rather marginal, this difference is substantial between those two proteins and
myoglobin. While competitive adsorption from a lysozyme-cytochrome c mixture
yielded mutual adsorption into SBA-15 and thus little to no protein separation,
effective chromatography was observed when myoglobin was mixed with either of
its competitors in alkaline (pH 8.5 and 10.6) and moderately acidic (pH 4.5) buffers.
We thus propose that by using appropriate buffer pH, adsorption to mesoporous
silica constitutes a highly effective and simple means for protein chromatography.
Appendix A
Experimental Supplements
A.1 Synthesis of SBA-15 Mesoporous Silica
The synthesis of hexagonally ordered mesoporous SBA-15 was first reported by
Zhao et al.[54] in the late 1990’s. The samples used in this thesis were prepared
according to the following precedure:
We mix 4 g of the tri-block co-polymer PEO20-PPO70-PEO20
1 with 129.6 g water
and 19.3 ml HCl (37 %). Due to its amphiphilic nature, the polymer forms an
ordered phase of micellar structures when mixed with water. Vigorous stirring for
several hours is needed to ensure a homogenous emulsion2. The mixture is kept
in an oil bath at 55 ◦C during this process. We then add 8.65 g tetraethylortho-
silicate and stir the system for another 20 hours. We subsequently increase the
temperature to 85 ◦C and let the mixture rest for another 22 hours without stirring.
During this time, the silicon from the TEOS leads to an accumulation of silica
around the polymer micelles. These aggregates precipitate as a fine-grained powder.
Calcination of the repeatedly rinsed powder at 500 ◦C finally removes the polymer
while preserving a negative of the micellar sturcture in the silica grains. The porous
silica powder can now be used without further treatment or purification.
1Pluronic P123, BASF.
2Stirring at 350 rpm for 4 hours.
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Figure A.1: Sketch of the gas handling system used for the nitrogen sorption mea-
surements. (1) nitrogen supply container, (2) reference volume, (3) vacuum pump, (4)
pressure gauge, (5) dewar filled with liquid nitrogen, (6) sample cell.
A.2 Sorption Isotherms
Nitrogen sorption isotherms were conducted by controlled filling3 and evacuation4
of the sample via a custom-made gas handling system. The setup is sketched in
figure A.1.
The main part of the gas handling system is kept at room temperature while the
sample cell is cooled to a well-known reference temperature. This was achieved by
either using a closed-cycle helium refrigerator5 or by simply immersing the sample
cell into dewar vessel filled with liquid nitrogen.
The measurement procedure is as follows: The reference volume (2) is filled with a
well-known amount of nitrogen. After opening the valve leading to the sample cell
(6), the sample can either adsorb or desorb the nitrogen provided by the reference
volume. This causes the pressure in the system to drop or rise, respectively, until it
reaches a final relaxation value prelax. We use a capacitance manometer
6 to monitor
3Adsorption.
4Desorption.
5Leybold RGD 510 Cryostat with RW 2 Compressor Unit.
6Baratron Capacitance Manometer by MKS Intruments with either 1000 mbar or 1000 torr full
scale.
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the pressure relaxation.
With the difference ∆p between the initial and final pressure and the ideal gas law,
we obtain the amount of nitrogen ∆n which has been condensed to or evaporated
from the sample cell:
∆n =
∆pV
RT
.
In order to obtain the actutal number of particles ∆nsamp adsorbed or desorbed
from the sample itself, we have to correct for the amount of nitrogen which is stored
in the empty volume of the sample cell and the connecting capillaries. We call this
volume the dead volume.
A sorption isotherm is the plot of the total amount of adsorbed nitrogen n =∑
∆nsamp versus the correponding relaxation pressure prelax. For the sake of sim-
plicity and comparability, we usually use the dimensionless quantities filling fraction
f = n/n0 and reduced vapor pressure p/p0. Here, n0 is the amount of nitrogen
needed for a complete filling of the sample7 and p0 denotes the bulk vapor pressure
at the sample temperature8.
A.3 Proteins
All proteins were purchased from Sigma Aldrich and used without further treatment
or purification. Unless stated otherwise, all data mentioned here are taken from
the data sheets provided by the distributor.
Cytochrome c from bovine heart purity ≥95%, catalog number C2037. Cy-
tochrome c is a small protein consisting of a 104 amino acid residue single chain
covalently attached to a heme group. It has a molecular weight of 12,327 Da and
an isoelectric point in the region of pH 10.0-10.5. It is extremely well soluble in
water up to 200 g/l. The distributor lists the micromolar extinction coefficient of
the Q band peak (at 550 nm) in 0.1 M phosphate buffer at pH 6.8 as EmM = 28.0
for the reduced and EmM = 8.4 for the oxidized state. Cytochrome c is discussed
in detail in section 2.2.2.
7Actually, n0 is the amount needed to fill the micro- and mesoporous fractions of the sample.
As can be seen in the sorption isotherms shown in this thesis, there is some condensation beyond
n0. This can be attributed to highly irregular macroporous structures which show no adsorption-
desorption hysteresis.
8I. e. 77 K.
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Figure A.2: Adsorption isotherm of horse skeletal muscle myoglobin in SBA-15 at 304 K
in pH 7.3 buffer solution with an ionic strength of 10 mM. The red line is a Langmuir-type
fit to the experimental data.
Myogloblin from Equine Skeletal Muscle purity 95-100%, catalog number
M0630. Myoglobin is a small heme protein consisting of a polypeptide chain con-
taining 153 amino acid residues without any disulfide bridges or free -SH groups.
The heme group, an iron protoporphyrin[37], is located between the helices of the
polypeptide chain. Myoglobin has a molecule mass of 17.6 kDa and an isoelectric
point of pI 7.3. It is soluble in aqueous solutions up to 20 g/l and can be de-
tected photometrically with a micromolar extinction coefficient of EmM = 12.92 at
555 nm. Its geometrical dimensions are stated in the literature as 25×35×45 A˚3[9]
or 21× 35× 44 A˚3[2], respectively.
The myoglobin’s adsorption behavior resembles that of cytochrome c. Miyahara et
al.[32] measured a Langmuir isotherm with 30µmol/g Myoglobin in SBA-15 (pore
diameter 9.2 nm, specific pore volume 1.25 cm3/g) in 10 mM buffer at pH 7. They
find that the Langmuir binding constants for myoglobin and cytochrome c are
almost identical (2.31 · 105M−1 and 2.24 · 105M−1, respectively). Depicted in
figure A.2 is an adsorption isotherm of myoglobin recorded at its isoelectric point
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pH 7.3. We used a 10 mM buffer and the exact same adsorption procedure as
for the various cytochrome c isotherms presented in chapter 3. Equilibration was
carried out at 304 K. We find a saturation value of n0 = 14.9± 0.7µmol/g and an
interaction parameter of α = 3.9± 0.6 · 105M−1, which is virtually identical to the
value observed for cytochrome c at its respective pI (α = 4.0 ± 1.9 · 105M−1 at
pH 9.7).
Myoglobin experiences a considerable deformation upon adsorption. Sang and
Coppens[70] monitored the amout of α-helices, β-sheets and random coils in the
secondary structure of myoglobin adsorbed into SBA-15 samples of different pore
sizes. The protein showed an increasing deviation from the native conformation
with increasing pore diameter. While the native state of myoglobin consistes of 77%
α-helices, only 23% of the polypeptide remained in the α-helical configuration on
propyl-functionalized SBA-15 with 9.1 nm pore diameter. Compared to these data,
the myoglobin adsorbed into the SBA-15 sample used in this thesis can be expected
to consist of 60% α-helices. This structural deformation is further confirmed by
Menaa et al.[66] who found that the α-helical fraction of apomyoglobin decreases
from 62% to 21% upon adsorbing on mesoporous silica. However, apomyoglobin
lacks the heme unit present in native myoglobin. These findings may thus not be
directly applicable to the complete protein.
Lysozyme from Chicken Egg White lyophilized powder, purity ≥90%, cata-
log number L6876. Lysozyme is a single chain protein consisting of 129 amino acid
residues cross-linked with four disulfide bridges. It weighs 14,307 Da and has a pI
far in the alkaline regime at pH 11.35. It can be detected photometrically by its
UV absorbance at 280 nm with a micromolar extinction coefficient of EmM = 36.0.
According to the distributor, the remaining impurities attributing to ≤10% of the
powder mass consist of buffer salts, namely sodium acetate and sodium chloride.
Lysozyme is known as a stable and rigid protein[71]. In their previously mentioned
work on the structural changes that occur to proteins during adsorption, Sang and
Coppens[70] only found a marginal loss of the lysozyme’s α-helical structure.
κ-Casein from Bovine Milk lyophilized powder, purity ≥70%, catalog number
C0406. Bovine κ-casein is know to exist in 11 different genetic variants[69]. The
unmodified A variant consists of 169 amino acid residues and weighs 18,974 Da.
Depending on the exact genetic variant, the isoelectric point lies between pH 4.47
and pH 5.81.
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Albumin from Bovine Serum lyophilized powder, purity ≥98%, catalog num-
ber A7906. Albumin is a single polypeptide chain consisting of approximately 583
amino acid residues. It is readily soluble in water, has a mass of 66.4 kDa and its
isoelectric point is located around pH 4.7-4.9.
Hemoglobin from Bovine Blood lyophilized powder, catalog numbner H2500.
Hemoglobin is a tetramer of four polypetide chains, each of them carrying a heme
group. It is soluble at approximately 20 g/l, has a mass of 64.5 kDa and an isoelec-
tric point of approximately pH 6.8.
A.4 Buffer Solutions
With the exception of the three commercial buffers described in this section, all
buffer solutions used in this thesis were mixed in our chemistry lab according to
the following recipes. PH values were measured with a Mettler Toledo Seven Easy
pH meter equipped with an InLab Expert Pro electrode.
10 mM buffers
pH 3.0 116.37 g 0.01 M citric acid and 4.0 ml 0.01 M trisodium citrate
pH 3.8 200.02 g 0.01 M acetic acid and 15 ml 0.01 M sodium acetate
pH 4.5 100.23 g 0.01 M trisodium citrate and 120 ml 0.01 M citric acid
pH 6 100.14 g 0.01 M monopotassium phospate and 32.5 ml 0.01 M sodium hydrox-
ide
pH 7.3 50.40 g 0.01 M sodium hydroxide and 41.7 ml 0.05 M monopotassium phospate
pH 8.5 83 ml 0.01 M sodium tetraborate and 13.1 ml 0.01 M hydrochloric acid
pH 10.6 100 g 0.01 M sodium bicarbonate an 71 ml 0.01 M sodium hydroxide
Buffers for cytochrome c adsorption isotherms
pH 3.0 0.018 M citric acid and 0.033 M trisodium citrate
pH 4.4 0.01 M trisodium citrate and 0.011 M citric acid
86 APPENDIX A. EXPERIMENTAL SUPPLEMENTS
pH 6.0 0.025 M monopotassium phospate and 0.002 M sodium hydroxide
pH 9.0 0.018 M glycin, 0.017 M sodium chloride and 0.03 M sodium hydroxide
pH 9.7 0.0135 M glycin, 0.014 M sodium chloride and 0.073 M sodium hydroxide
100 mM buffers for the diffusion measurements
pH 3.8 50 ml 0.1 M hydrochloric acid and 6.3 ml 0.1 M sodium acetate
commercial buffers
pH 7.4 phosphate buffered saline, Invitrogen (Gibco), catalog number 10010-031.
pH 7.00 monopotassium phosphate / disodium phosphate buffer with fungicide,
Fluka Analytical, catalog number 33646.
pH 10.00 sodium tetraborate / sodium hydroxide buffer, Fluka Analytical, catalog
number 33649.
A.5 Kinetics of the Protein Adsorption
To obtain reliable protein adsorption results, it is of vital importance that the
time between sample preparation and measurement of the residual supernate con-
centration is sufficiently large to ensure that the adsorption process has reached
equilibrium. To gain a rough estimate of the time needed, we measured the ad-
sorption kinetics of cytochrome c in SBA-15 for both folded and unfolded protein.
For each folding state, we equipped 20 Eppendorf Safe-Lock tubes with SBA-15
powder, a stirring bar and an appropriate amount of cytochrome c solution as de-
scribed in section 3.3. The experiments were done at 310 K and used phosphate
buffered saline from Invitrogen with pH 7.4.
The left panel of figure A.3 shows the results for the folded cytochrome c. The ini-
tial concentration of the samples was 3 g/l and the residual supernate concentration
was determined from the Q band at 528 nm. The amount of adsorbed protein was
calculated from the difference between these concentrations and the amounts of sil-
ica powder and solution in the reaction tubes. Each measurement point corresponds
to an individual tube, which has been removed from the heated bath at the time
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Figure A.3: The kinetics of cytochrome c adsorption in SBA-15. Left: Amount of
folded cytochrome c adsorbed from a 3 g/l solution at pH 7.4 as a function of time. The
red line is a fit to the data. See text for further discussion. Right: Amount of unfolded
cytochrome c adsorbed from a 2 g/l solution as a function of time.
given by x-axis of the plot. Immediately after removal from the bath, the samples
were centrifuged and aliquots of the supernate were prepared for the photometric
measurements. The red line in the graph is a fit to n(t) = nmax ·
(
1− e−t/τ
)
with the amount nmax = 20.8 ± 0.5µmol/g adsorbed in equilibrium and the time
constant τ = 0.59± 0.04h−1. The right panel shows the corresponding experiment
with unfolded cytochrome c adsorbed from a 2 g/l solution. The horizontal black
line at 9.5µmol/g is a guide to the eye. While adsorption of folded cytochrome
c saturates after a couple of hours under these conditions, folded protein seems to
reach equilibrium immediately9.
Nevertheless, much higher equilibration times have been reported in literature:
Vinu et al.[33] found that equilibrium of cytochrome c adsorption on porous silica
was usually archieved within 72 to 96 hours. Zhang et al.[34] reports equilibration
times of approximately three days. Hudson et al.[31] found that the equilibration
time depends on the solution pH. This was also observed by Katiyar et al.[63],
who found that lysozyme saturates in SBA-15 within 6 hours at pH 5 but needs
approximately 120 hours at pH 8. Since the overall charge of lysozyme increases in
more acidic solutions, an enhanced protein-protein repulsion is likely to accelerate
the adsorption.
While the Vinu et al. studied the adsorption near the protein’s isoelectric point,
cytochrome c is highly positively charged at the pH used in our determination of
the adsorption kinetics. The tentative explanation provided by Katiyar et al. might
thus apply to cytochrome c as well: The interprotein repulsion accelerates the ad-
9I. e. much faster than the time resolution of this measurement.
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sorption by more than one order of magnitude, while the adsorption of weakly
charged proteins usually takes several days to saturate. We thus chose a equilibra-
tion time of five days for our experiments, which sould be sufficient even for the
most pessimistic estimates reported in literature.
A.6 Multilayer Adsorption in SBA-15
As discussed in section 3.4 the results for the mulitlayer adsorption of cytochrome
c in SBA-15 are somewhat ambiguous. The maximum amount of adsorbed folded
protein at pH 6.4 at high supernate concentrations clearly exceeds the available pore
volume, indicating multilayering on the external grain surface. No multilayering
was observed for folded cytochrome c in alkaline buffer. Multilayering seems evident
for unfolded cytochrome c in both buffers. With the exception of one single data
point all observed pore loadings could be accomodated within the pore volume.
Figure A.4: Multilayering of cytochrome c in SBA-15 under various chemical conditions.
Upper left: Folded protein in near-neutral buffer. Upper right: Folded protein in alkaline
buffer. Lower left: Unfolded protein in near-neutral buffer. Lower right: Unfolded protein
in alkaline buffer. See section 3.4 on page 54 for further discussion of the data.
Appendix B
Theoretical Supplements
Parts of this chapter, especially B.1.1, B.1.2 and B.1.3 were presented in similar
form in [58].
B.1 Theory of Sorption Isotherms
B.1.1 Multi Layer Adsorption according to Brunauer, Em-
mett and Teller (BET-Model)
In 1938, Brunauer, Emmett and Teller published a model for the multilayer adsorp-
tion on a planar surface in equilibrium with a surrounding gas phase. It describes
the adsorbed volume v in units of monolayer volumes1 vm as a function of the re-
duced vapor pressure p/p0. Although this model is limited to planar surfaces only,
it provides an reliable esitmate for curved surfaces as well and can even be used to
describe the initial part of sorption isotherms in mesoporous systems.
The derivation of the BET-model, according to the original article[72], is as follows:
The area of a liquid film consisting of i single molecule layers is denoted as si, (i =
0, 1, 2, ...). The binding energy of a molecule in layer i to the surface is Ei and ai, bi
are constants. In the thermodynamic equilibrium, the rate of adsorption from the
gas phase to layer i equals the rate of desorption from the same layer:
aipsi−1 = bisie−
Ei
RT , (B.1)
1I. e. the volume needed to cover the entire surface with a layer of single molecule thickness.
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i. e. the number of particles condensed on top of layer i − 1 equals the number of
particles evaporated from layer i. The pressure of the gas phase is p.
Using the volume v0 of a single molecule layer per unit area and the total area of
the substrate A =
∑∞
i=0 si, the total adsorbed volume v = v0
∑∞
i=0 isi can readily
be expressed in units of the monolayer volume vm
v
vm
=
v
Av0
=
∑∞
i=0 isi∑∞
i=0 si
. (B.2)
To simplify this, we assume that only the first layer differs from the bulk state,
i. e. all parameters of the higher layers are identical and independent of i:
E2 = E3 = · · · = Ei = EL ,
b2
a2
=
b3
a3
= · · · = bi
ai
= g .
Inserting this to equation B.1 we find an expression for the area si:
si = cx
is0 (B.3)
with x =
(
p
g
)
eEL/RT (B.4)
and c =
(
a1g
b1
)
e(E1 − EL)/RT . (B.5)
With this expression for si, equation B.2 can be rewritten as
v
vm
=
c · p
(p0 − p) [1 + (c− 1)(p/p0)] . (B.6)
In this expression we use x = p/p0. This equality is deduced from the fact that the
adsorbed volume diverges v/vm →∞ for p/p0 → 1.
As stated earlier, the BET-model provides a reasonable estimate for the condensa-
tion in mesoporous sorbents. In this case it is more convenient to use the quotient
between the monolayer volume and the complete pore volume Nmono
N0
.
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B.1.2 The Kelvin Equation
This derivation of the Kelvin equation was taken from the article of J.G. Powles[73]
and can be found in identical form in [74] and [58].
Consider a liquid condensed into a capillary with a curvature radius rk = r and
on a planar surface (rk = ∞), respectively. In thermodynamic equilibrium, the
chemical potential inside the liquid must be identical to the chemical potential
outside of the liquid, i. e. µinr = µ
out
r und µ
in
∞ = µ
out
∞ . This leads directly to
µinr − µin∞ = µoutr − µout∞ . (B.7)
On a planar surface, we have pin∞ = p
out
∞ = p0 with the bulk vapor pressure p0. For
the sake of a consistent nomenclature, we define2 p := poutr . With the Gibbs-Duhem
relation dµ = vdp ,
(
v = V
N
)
and the Young-Laplace equation pinr − p = γlvrk we
obtain
∫ p+ γlv
rk
p0
vindp =
∫ p
p0
voutdp . (B.8)
We assume that the liquid is incompressible (vin = vliquid = vl 6= vliquid(p)) and
use the ideal gas law pvv = RT for v
out = vvapor = vv. Integration of equation B.8
yields
(
p− p0 + γlv
rk
)
vl = RT ln
(
p
p0
)
. (B.9)
For a sufficiently small curvature radius the difference between the pressure p of
the gas phase and the vapor pressure p0 is much smaller than the Laplace pressure
induced by the surface tension of the liquid, i. e. p− p0  γlvrk .
Generally, there will be a contact angle θ between the curved meniscus of the liquid
and the pore wall. According to the Young-equation cos θ = γvw−γlw
γlv
this contact
angle is related to the various surface tensions in the system (vw – vapor-wall, lw
– liquid-wall, lv – liquid-vapor). Simple geometrical considerations now yield the
2Compare e. g. with the reduced vapor pressure pp0 which is used extensively in the discussion
of sorption isotherms.
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curvature radius of a pore-condensed liquid as a function of θ:
1
rk
= −2 cos θ
rp
, (B.10)
with the radius rp of the cylindrical pore. Pore condensates usually have concave
meniscii, thus the curvature radius has to be negative here. We apply this to
equation B.9 and obtain the Kelvin equation for pore condensates:
RT ln
(
p
p0
)
= −2γlvvl cos θ
rp
. (B.11)
B.1.3 The Saam and Cole Theory of Pore Condensation
The theory of Saam and Cole[59],[60] was originally developed to describe liquid
helium films on the wall of cylindrical pores. Nevertheless it is also applicable as a
model of pore condensation in general and nitrogen condensation in particular.
We consider a homogenous liquid film of thickness t condensed on the walls of an
infinite cylindrical pore. The film thickness is connected to the pore radius rp and
the curvature radius r of the liquid surface via t = rp − r.
Using the Gibbs-Duhem relation dµ = vdp we can calculate the chemical potential
µ of this system. This is largely analogous to the derivation of the Kelvin equation
in Section B.1.2, but here we also consider the interaction U(r) between the liquid
film and the pore wall explicitly.
µ∞ = µ0(p0, T ) +RT ln
(
p∞
p0
)
, (B.12)
µv = µ0(p0, T ) +RT ln
(
pv
p0
)
+ U(r) , (B.13)
µl = µ0(p0, T ) + vl(pl − p0) + U(r) . (B.14)
The indices l, v,∞ denote the condensed liquid, the gas inside the pore and the
gas outside the pore, respectively. We further use the ideal gas law pV = nRT to
calculate v from the Gibbs-Duhem relation and assume the liquid to be incompress-
ible. The chemical potential of the bulk system at pressure p0 and temperature T
is denoted by µ0(p0, T ).
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In equilibrium µv = µl. With the Young-Laplace equation
3 pv = pl +
γlv
r
and the
assumption that pv − p0  γlvrk , this yields
RT ln
(
pv
p0
)
= −γlvvl
r
. (B.15)
We insert this into equation B.13 and identify µv = µ∞ and obtain the generalized
Kelvin equation:
p∞ = p0 exp
{
1
RT
[
U(r)− γlvvl
r
]}
. (B.16)
Saam and Cole use a Van-der-Waals ansatz for the interaction between film and
pore wall:
U(r) ∝
∫
1
|~r − ~r ′ |6d
3r
′
. (B.17)
They solve the integral in cylindrical geometry and get
U(r) = −
(
3piα
2r3p
)
F
([
3
2
,
5
2
]
; [1] ;
[
y2
])
, (B.18)
where F
([
3
2
, 5
2
]
; [1] ; [y2]
)
represents the so-called hypergeometrical function4.
The film thickness t = rp − r enters this equation via the parameter y = rrp and
the strength of the Van-der-Waals interaction is given by the parameter α. We
now define the parameters R0 =
√
3piα
γlvvl
and RT =
γlvvl
RT
and insert equation B.18
into equation B.16. This yields the final expression for the sorption isotherm5 as a
function of the parameter y
p
p0
= exp
{
−
(
RT
R0
)(
R30
r3p
)[
1
2
· F
([
3
2
,
5
2
]
; [1] ;
[
y2
])
+
r2p
R20y
]}
. (B.19)
3rk = −r due to the concave, cylindrical surface.
4Using the Gamma function Γ(x) =
∫∞
0
tx−1e−tdt the hypergeometrical function is defined as
F ([x1, · · · , xm]; [y1, · · · , yn]; z) =
∑∞
k=0
∏m
i=1
Γ(k+xi)
Γ(xi)
∏n
j=1
Γ(yi)
Γ(k+yi)
zk
k! . See also [59] and [74].
5This expression is only correct for the low pressure part of the isotherm where p p0, since
it only considers the growth of a homogenous liquid film. Pore condensation - which occurs at
higher pressures - and the hysteresis between adsorption and desorption will be discussed later.
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We can now caluclate the filling fraction f for a given ratio of p/p0, since
f =
r2p−r2
r2p
= 1− y2 and thus f = f(p).
Instability of the Cylindrical Film The exponent of equation B.19 has a
maximum for
γlv =
r2c
vl
(
−dU
dr
)∣∣∣∣
r=rc
, (B.20)
where rc denotes the so-called critical radius.
The first derivation of the sorption isotherm f = f(p) is diverging at this point.
Thus, the thickness of the film is also diverging. From a physical point of view, this
means that the film becomes instable when reaching t = r−rc at a critical pressure
pc
6. Additional liquid will not increase the film thickness but rather form liquid
bridges with concave meniscii which span across the entire pore diameter. Further
condensation will not increase the pressure until the pores are entirely filled.
The critical radius rc = rp · yc can be calculated via
(
rp
R0
)2
= y2c
(
1− y2c
)− 5
2 P 13/2
1 + y2c
1− y2c
. (B.21)
P 13/2 is the Legendre function.
It is also possible to deduce the criteria for film instability from the chemical
potential. The film becomes instable for ∂µ
∂r
= 0. Deriving
∂µ
∂r
∣∣∣∣
r=rc
=
∂
∂r
(
µ0 + U(r)− γlvvl
r
)∣∣∣
r=rc
= 0 (B.22)
directly yields equation B.20.
A third way to deduce the instability, which was originally used by Saam and
Cole[59], examines the amplitudes of thermally excited capillary waves in the liquid
film. The amplitude increases with increasing film thickness and diverges at tc =
rp − rc. In particular, this means that for sufficiently large film thicknesses the
6It is important to note that pc must not be confused with the common use of the expression
critical pressure which denotes the pressure at the critical point of the liquid-vapor transition in
the bulk system.
B.1. THEORY OF SORPTION ISOTHERMS 95
Figure B.1: Sketch of a liquid film (light gray) condensed on a solid pore (dark gray)
in thermodynamic equilibrium with a liquid bridge and the vapor phase (white). The
markings explain the various curvature radii r and film thicknesses t used in the text.
Picture according to [59] and [60].
capillary waves of opposite pore walls touch each other and form stable capillary
bridges.
Metastability of the Cylindrical Film We neglect the influence of spherical
meniscii. The free energy of the configuration7 shown in figure B.1 is
F = (L−Lf )2pirmγlv + (L−Lf )
∫ rp
rm
2pirU(r)
vl
dr+Lf
∫ rp
0
2pirU(r)
vl
dr . (B.23)
Minimization of this expression yields the curvature radius rm = rp− tm of the film
in the energetically most favorable state:
(
rp
R0
)2
=
rm
2rp
{
F
([
3
2
,
5
2
]
; [1] ;
[(
rm
rp
)2])
− F
([
3
2
,
5
2
]
; [2] ;
[(
rm
rp
)2])}
.
(B.24)
Without capillary bridges, the cylindrical film can grow above this value until it
reaches the critical thickness tc > tm. But these configurations are metastable with
respect to a film with t = tm in coexistence with capillary bridges.
7I. e. the coexistence of liquid films and capillary bridges.
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B.1.4 Langmuir-type Sorption Isotherms
Langmuir-type isotherms are commonly viewed as the simplest way to describe
the adsorption of particles on a surface. A simple and intuitive derivation of the
isotherm formula was given by Peter Atkins in [75]. Assume a surface containing N
equivalent and independent adsorption sites in contact with a solution of adsorbing
particles with concentration c8. The rate at which a particle adsorbs to a free
adsorption site is given as ka and the rate of detachment of a particle bound on
the surface is as kd. We denote the fraction of occupied adsorption sites as θ. At
an arbitrary time during the adsorption process, the rate at which the fractional
occupation changes due to adsorption can be written as
dθads
dt
= kac(1− θ) . (B.25)
The proportionality between dθ/dt and the concentration reflects the simple fact
that a higher concentration means that collisions between dissolved particles and
the surface occur more frequently. At the same time bound particles desorb from
the surface and re-enter the solution at a rate of
dθdes
dt
= kdθ . (B.26)
This rate is independent of the solution concentration and solely depends on the
number of particles bound at the time t. Chemical equilibrium requires both rates
to be equal:
dθads
dt
=
dθdes
dt
. (B.27)
Combining equations B.25 and B.26 yields the formula of the Langmuir isotherm
θ =
α · c
1 + α · c , (B.28)
8The derivation presented in [75] assumes a gaseous phase with pressure p instead of the
solution. The derivation is fully analogous for both cases and p and c are fully interchangeable.
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with the interaction parameter α := ka/kd. Identifying θ with nads/n0 directly
yields equation 3.6.
Alternative derivations of the Langmuir isotherm using a statistical approach can
be found in literature, for example in [53].
Usually the interaction parameter α is viewed as a purely phenomenological macro-
scopic quantity. However, as shown by Carr et al.[49], α can be dervied from the
microscopic interaction between the adsorbate and the sorbent. With the free en-
ergy F (~r) of an adsorbate molecule at the position ~r, we can calculate the relation
between the local concentration and the bulk concentration:
C(~r) = Cbulk e
−F (~r)/kBT . (B.29)
With the area A of the sorbent surface whe can thus calculate the number n
of adsorbed particles by integrating equation B.29 over the volume vads of the
adsorbed layers:
n =
Cbulk
A
∫
vads
e−F (~r)/kBT d~r . (B.30)
For very small bulk concentrations, the Langmuir isotherm is reduced to
lim
Cbulk→0
θ = lim
Cbulk→0
(
α · Cbulk
1 + α · Cbulk
)
= α · Cbulk . (B.31)
The fractional surface coverage can be expressed as θ = n/n0 with the maximum
adsorption capacity n0 of the surface. Thus the number of adsorbed particles is
n = αCbulkn0. Inserting this into equation B.30 yields
α =
1
n0A
·
∫
vads
e−F (~r)/kBT d~r . (B.32)
Equation B.32 relates the macroscopic quantity α to the local free energy of a
particle in the vicinity of the surface. Carr et al. found that the values for α
calculated in this way for dimethyl methylphosphonate on a rough silica surface
coincide with both experimental data and molecular dynamics simulations within
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the experimental error margin.
B.2 Diffusion through a Porous Membrane
We consider a system of two compartments with the volumina Vcis and Vtrans which
are separated by a porous membrane of thickness d and area A. We describe this
system in a one-dimensional fashion, with the cis-sided surface of the membrane at
x = 0 and the trans-sided surface at x = d.
To calculate the time-dependent concentration increase in the trans-compartment,
we first have to make two assumptions. First, we assume that there is no concen-
tration gradient within the compartments. Second, we assume the concentration
gradient across the membrane to be linear. The validity of these assumptions is
backed up by the calculations of Brunn et al.[76]. Both compartments are filled with
dilute solutions of diffusing particles. At the time t the concentrations are Ccis(t)
and Ctrans(t), respectively. We further assume that for t = 0 the concentrations
are Ccis = C0 and Ctrans = 0. Conservation of the particle number then dictates
Ccis = C0 − Ctr · Vtr/Vcis . (B.33)
Since we assume the concentration gradient across the membrane to be linear, we
can write
∂C
∂x
= −Ccis − Ctr
d
= −1
d
·
[
C0 − Ctr
(
Vtr
Vcis
+ 1
)]
. (B.34)
Using Fick’s first law
j = −D∂C
∂x
(B.35)
the particle flow through the membrane dN
dt
= j · A can now by expressed as
dN
dt
= j · A = DA
d
[
C0 − Ctr
(
Vtr
Vcis
+ 1
)]
. (B.36)
Deriving this yields
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d2N
dt2
= −DA
d
(
Vtr
Vcis
+ 1
)
· dCtr
dt
. (B.37)
We can now relate the change in concentration with the volume of the trans-
compartment via
dCtr
dt
=
1
Vtr
dN
dt
. (B.38)
By inserting this into equation B.37 we obtain a differential equation for the particle
flow J(t) = dN
dt
through the membrane
dJ(t)
dt
= −DA
d
1
Vtr
(
Vtr
Vcis
+ 1
)
· J(t) . (B.39)
This equation has the solution
J(t) = J0 · e
−DA
d
(
1
Vcis
+
1
Vtr
)
t
. (B.40)
J0 can be readily extracted from Fick’s first law (equation B.35) for t = 0 as
J0 = j0 · A = D·Ad · C0. Combining this with equation B.40 and inserting in
equation B.36 finally yields the trans-concentration as a function of time:
Ctr(t) =
Vcis
Vtr + Vcis
· C0 ·
(
1− e−κ · t
)
(B.41)
with κ being the inverse of the concentration gradients relaxation time τrelax
κ =
1
τrelax
=
D · A
d
(
1
Vcis
+
1
Vtr
)
. (B.42)
For long measurement times, effects like evaporation from the sample cell and
degradation of the proteins render an exact evaluation of the data with equation
B.41 rather difficult. In these cases it might be more reliable to approximate the
initial concentration increase in the trans-compartment linearly by deriving the
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expression for C(t) at t = 0:
dCtr
dt
∣∣∣∣
t=0
=
C0 ·D0
Vtr
, (B.43)
with D0 =
D·A
d
.
B.3 Gouy-Chapman Energy of a charged Plate
in a Salt Solution
The strength of the counterion release interaction can be estimated by calculating
the thermodynamic potential of the shielding ion layer above a charged surface in
a salt solution. The following concepts and calculations are taken from Meier-Koll
et al.[50].
A charged planar surface is immersed into an electrolyte with identical concen-
trations cs of positive and negative ions. The electrolyte can be described by the
inverse Debye length κ with κ2 = 8piλBcs and the Bjerrum length λB = e
2/(kBT ).
According to the Debye-Hu¨ckel theory, the ion concentration near the surface will
be different from the bulk of the electrolyte, forming a shielding layer which is
enriched in counterions and depleted from coions.
For the sake of simplicity we neglect discrete individual charges on the surface and
employ a mean-field Poisson-Boltzmann approach, where the surface has a uniform
charge density σ the electrical potential ψ(x) is merely a function of the distance x
from the surface. The co- and counterion concentration above the surface is then
n±(x) = Cs e∓eψ(x)/kBT . (B.44)
Thus, the charge density and the charge carrier density are
e · (n+ − n−) = −2ecs sinhφ(x) and (B.45)
n+ + n− = 2cs coshφ(x) (B.46)
respectively, with the dimensionless potential φ(x) = eψ(x)/kBT .
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Combining these densities yields a differential equation for the electrical potential
φ
′′
(x) = κ2 sinhφ(x) . (B.47)
This equation can be solved with the boundary conditions φ
′
(0) = −2s and
φ
′
(∞) = 0. Here we introduce the dimensionless parameter
s =
2piλBσ
κ
. (B.48)
As shown by Meier-Koll et al., these previous considerations can be used to calcu-
late the total number N of ions9 bound in the shielding layer
N = A
∫ ∞
0
dx (n+ + n− − 2cs) = 4N0(
√
s2 + 1− 1) , (B.49)
with N0 =
Acs
κ
= Z
4s
and Z = Aσ.
Meier-Koll et al. now calculate the grand-canonical potential
Ω(T, V, µ) = U − TS − µN
of this system. U , S and µ denote the internal energy, the entropy and the chemical
potential, respectively. After some rather lengthy calculations they obtain the
potential Ω as a function of the dimensionless parameter s:
Ω(s)
kBTZ
= 2 asinh(s)− 2
√
s2 + 1− 1
s
. (B.50)
If two oppositely charged plates are brought into contact, the ions bound in the
shielding layers are released to the bulk and the energy 2Ω(s) is gained. The
asymtotic behavior of Ω(s) for s >> 1 is dominated by the first term, asinh(s),
and is thus increasing with increasing s. An increasing value of s corresponds
either to highly charged surfaces or a large Debye length κ−1. The latter can be
attributed to low salt concentrations cs. Thus, we expect the release of counterions
9I. e. the excess number of ions with respect to the concentration in the bulk solution cs.
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to play a considerable role especially in low ionic strength solutions.
Since most systems have a discrete distribution of surface charges, the question
arises to what extent the mean-field Poisson-Boltzmann approximation can provide
a reliable estimation of the real counterion release force. In 2007, Flores-Amado
and Herna´ndez-Contreras calculated the interaction between two charged plates
with discrete charges and a finite ion size in the liquid[77]. Though they found that
the mean-field approach underestimates the interaction in the case of large plate-
to-plate distances, the estimates of both theories conicide for plate separations in
the order of one nanometer and less.
Appendix C
Tables
Df/Du (Df/Du) · (η0/η) rH [A˚] Df/Du · (η0/η) (gold)
pH 3.8 3.14±0.16 1.89±0.10 24.2±1.3 N/A
pH 7.0 2.53±0.07 1.52±0.07 19.5±0.9 1.00±0.07
pH 10.0 1.64±0.03 0.99±0.02 12.7±0.3 0.70±0.05
Table C.1: The slopes of the data from figure 2.6 and respective estimates of the
proteins radius of gyration rH , based on [13]. The data for gold nanoparticles are
shown in the last column.
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batch 2010 2011 2012
Rmeso [nm] 3.6 3.3 3.5
σmeso [%] 6.5 6.5 6.5
Rmicro [nm] 0.7 0.75 0.7
σmicro [%] 50 78 50
meso-to-micro 1/12 1/8 1/15
ABET [m
2/g] 618.0 659.9 613.9
Vtotal [cm
3/g] 0.663 0.743 0.620
Vmeso [cm
3/g] 0.431 0.520 0.366
Ameso [m
2/g] 240 317 210
Table C.2: Pore structure of the three different SBA-15 batches. The radii and
standard deviations of the pore size distribution’s two gauss peaks are given as well
as their relative area (meso-to-micro, used as weight in the SC isotherms). The
surface area ABET was determined with equation 3.2 and the pore volume Vtotal
followed directly from the amount of nitrogen needed for complete pore filling. The
mesopore volume Vmeso and surface area Ameso were calculated from the bimodal
pore size distributions.
meso-to-micro γsv ABET Vpore f
[10−5N/cm] [m2/g] [cm3/g] [%]
empty SBA-15 1/15 8.85 613.9 0.620 0
pure buffer 10/20 8.85 233.8 0.395 36.3
8 M urea 10/25 10.0 338.9 0.512 17.4
8 M urea & 1 M NaCl 10/25 8.0 368.1 0.636 -2.6
Table C.3: Influence of protein adsorption on the nitrogen sorption data of SBA-
15 (2012 batch). The meso-to-micro ratio is strongly reduced upon cytochrome
c adsorption. Combined with a pronounced loss of apparent pore surface this
indicates a blocking of the micropores. The filling fractions f were caluclated from
the pore volume compared with the empty sample. The apparent negative filling
fraction for the last sample is puzzling, but this rather small value might well be
within the measurement’s error margin.
pH 3.8 buffer pH 6.5 buffer pH 10 buffer
pure 3.86 6.61 10.0
1 M NaCl 3.2 5.44 9.46
8 M urea 3.96 6.99 9.8-10.0
urea & NaCl 3.7 6.09 9.66
Table C.4: The pH values of pure buffers and buffers containing urea and NaCl, as
used in the ionic strength-dependent measurements.
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n0 [µmol/g] ∆n0 [µmol/g] α [l/µmol] ∆α [l/µmol]
pH 4.4 nat 3.37 ± 0.40 0.023 ± 0.006
pH 4.4 denat 7.84 ± 0.56 0.036 ± 0.007
pH 6.4 nat 22.9 ± 7.4 0.25 ± 0.10
pH 6.4 nat* 19.2 ± 1.0 0.92 ± 0.18
pH 6.4 denat 9.00 ± 0.22 0.11 ± 0.01
pH 9.7 nat 25.9 ± 4.3 0.40 ± 0.19
pH 9.7 denat 12.8 ± 0.9 0.073 ± 0.014
Table C.5: Fit parameters n0 and α of the Langmuir-type isotherms in figure 3.9
and their respective margins of error. Folded samples are marked as nat, unfolded
as denat.
*Fit without data point at supernate concentration 57µmol/g
lysozyme cytochrome c myoglobin κ-casein
mass [kDa] 14.3 12.3 17.6 19.0
pI 11.35 10.0-10.5 7.3 4.47-5.81
Table C.6: Mass and isoelectric point of the four different proteins used in chap-
ter 4. The data for lysozyme, cytochrome c and myoglobin were taken from the
manufacturer’s product description. The values for κ-casein were taken from [69].
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